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Embryology is the study of developing 
organisms. The subject includes descriptive 
examinations and comparisons of various 
species at different stages as well as experi- 
mental analyses of the mechanisms control- 
ling and coordinating development. The 


purpose of this introduction is to illustrate ~ 


how knowledge of the basic principles of 
development will assist the student in un- 
derstanding relationships taught in gross 
anatomy, histology, and pathology courses, 
and will later serve the clinician in diagnos- 
ing certain conditions and in counseling 
owners of animals that have congenital mal- 
formations. The specific examples and terms 
used in this section will all be explained in 
greater detail later in the text. 


EMBRYOLOGY AS AN AID TO 
UNDERSTANDING ANATOMY 


The study of animal development pro- 
vides a dynamic perspective on gross anat- 
omy by presenting an historical view of tis- 
sue and organ relationships. Tracing com- 
plex tissue relationships back to fetal and 
embryonic stages often reveals a simplified 
pattern, knowledge of which helps clarify 
the more complex anatomy of the adult. 


This is especially helpful in understanding 
systems whose components drastically 
change their relative positions during em- 
bryogenesis, such as the face, heart, viscera, 
and urogenital structures. The following ex- 
amples illustrate the insights provided by an 
appreciation of developmental events. 


Formation of the Recurrent Laryngeal 
Nerves 


In dissecting the arteries emerging from 
the heart you will encounter a pair of nerves, 
the recurrent laryngeal nerves, which branch 
from the left and right vagus nerves in the 
cranial part of the thoracic cavity. These 
nerves emerge from the base of the skull and 
travel caudally into the thorax then turn 
around and pass cranially to innervate parts 
of the esophagus and larynx. Thus, the 
courses they take between their origins and 
terminations are long and tortuous. More- 
over, their pathways are very different on 
each side of the thorax, as shown schemati- 
cally in Fig. I.1D. In contrast the pathways 
of these nerves are straight and symmetrical 
in the young embryo (Fig. I.1B). 

The explanation for the emergence of this 
asymmetry rests on the basic arrangement 
of arteries and nerves in the head of the 
embryo and on changes that occur during 
embryonic development. 

On the ventrolateral aspect of the head of 
the embryo are a series of tissue masses 
called visceral arches. As shown in Figure 
I.1A each has an artery called an aortic arch 
coursing through it carrying blood from the 
ventrally located heart to the paired dorsal 
aortae. This general arrangement is retained 
in lower vertebrates and is similar to that 
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Figure I.1. Development of aortic arches and recurrent laryngeal nerve. A, lateral view of embryo at 
approximately 20-somite stage. B, dorsal view of same stage. C and D, show later stages in the 
transformation of these arches. Note how the left recurrent laryngeal nerve is caught behind the left 
6th aortic arch (ductus arteriosus), which degenerates early on the right side. 


seen in adult fishes. In addition, each visceral 
arch is innervated by a specific cranial nerve. 
These nerves emerge from the brain stem 
and enter the visceral arch lateral to the 
dorsal aorta immediately behind each aortic 
arch. Although the embryonic arterial sys- 


tem is initially symmetrical, certain vessels 
degenerate either early in embryogenesis or 
at the time of birth (see Chapter 11). Also, 
soon after their formation the heart and 
associated vessels shift caudally relative to 
other head and neck structures. 
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The asymmetrical degeneration of the 4th 
and 6th aortic arches is shown in Figures 
L1C and D. The RIGHT 6th aortic arch 
degenerates early, while the LEFT 6th aortic 
arch is retained. Thus, when the caudal shift 
of the heart occurs, the left recurrent laryn- 
geal nerve is pulled back by the 6th aortic 
arch, but the right nerve can slip forward. 
As we shall see later, failure of any of these 
events to occur in normal sequence, espe- 
cially aortic arch formation or degeneration 
and the shift in cardiac position, can result 
in serious, often lethal, cardiovascular 
anomalies. 


Innervation of the Trapezius Muscle 


The perspective gained by the study of 
embryology often illuminates morphologi- 
cal relationships between structures in dif- 
ferent animals. For example, in the dissec- 


tion of the dog's neck you will encounter 
cranial nerve XI, the accessory nerve, which 
projects caudally from beneath the base of 
the ear and innervates the trapezius muscle 
located at the level of the scapula (Fig. 
I.2C). Along its course it crosses the paths 
of several segmental cervical nerves. This 
unusual relationship results from the fact 
that the trapezius is thought to be homolo- 
gous to gill levator muscles in fishes (Fig. 
I.2A). 

Gills are derived from visceral arches, the 
muscles of which are, as previously de- 
scribed, innervated by different cranial mo- 
tor nerves. The embryonic nerve-muscle re- 
lation is retained throughout ontogeny and 
phylogeny, even though the attachments of 
the muscle have changed dramatically in the 
evolution from fishes to reptiles and mam- 
mals. 


Sternocephalic 
Brachiocephalic 


x 


Xk 


i 


Figure I.2. Location of the trapezius (cucullaris) muscle in the A, shark, B, lizard and C, dog. These 
muscles are considered to be homologues based on their embryonic origin and similar innervation 


(cranial nerve XI). 
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EVALUATING AND UNDERSTANDING 
CONGENITAL MALFORMATIONS 

Knowledge of the features and principles 
of development is essential to understanding 
congenital malformations, which include all 
abnormalities arising during prenatal devel- 
opment, regardless of the cause (inherited, 
induced, or spontaneous). In clinical prac- 
tice you will encounter many anatomical 
and physiological anomalies whose patho- 
genesis (causative mechanism) occurs dur- 
ing development. Sometimes these condi- 
tions are not manifest at birth, but emerge 
later as the animal becomes ambulatory and 
more active or at sexual maturity. Your 
responsibilities include not only identifica- 
tion, diagnosis, and treatment, but also ap- 
preciation of possible causes of such condi- 


tions, the risk of heritability in the particular 
species and breed, possible teratogenic (ab- 
normality-inducing) environmental agents 
or medications which might be harmful to 
the fetus, or susceptibility to selective nutri- 
tional deficiencies or excesses. Only by 
knowing the changing, emerging structures 
and physiology of the embryo and fetus, and 
by understanding the mechanisms by which 
these developmental processes are con- 
trolled, will you be able to evaluate com- 
pletely each clinical situation and advise the 
client accurately. The following two exam- 
ples illustrate these points. The first is pre- 
sented in some detail to demonstrate the 
method of problem solving in veterinary 
medicine that will be part of your training. 
Examine again the development of the 6th 


Every diagnosis is a process of deliberate evaluation of facts in the context of broader 
sets of information gained through training and experience. Arriving at the correct diagnosis 
is a disciplined, deductive procedure, in which all possibilities are considered and alterna- 
tives supported or refuted based on available data, which may include the history, physical 
exam, lab tests, and both invasive and noninvasive diagnostic procedures. The following 


cases illustrate this integrative approach. 


CASE HISTORY 
Signalment: A female Miniature Poodle, 16 months old presented with a chief complaint 


of episodic pelvic limb weakness. 


History. The onset of the problem began when the dog was 9 months old. When exercised 
the dog would occasionally become weak in the pelvic limbs, sometimes to the point 
of collapse. Excessive panting accompanied this weakness. After a few minutes of rest, 
the dog recovered its strength. Sporadic at first, these episodes slowly progressed in 
frequency to several per day. The dog had no other significant past medical illness. 
Other than the weakness, its general physical condition, appetite and excretory func- 


tions were normal. 
Assessment of History: 


FACTS 
Pelvic limb weakness to collapse 


Episodic event associated with exercise 
but animal is normal between episodes 

Signs of weakness associated with exces- 
sive panting 

Increasing frequency of episodes 


No other recent past illness or associated 
signs 
Miniature Poodle breed 


INTERPRETATION 


Disease of the musculoskeletal, ner- 
vous, respiratory, cardiovascular or 
endocrine systems 

Not typical of diseases of the central 
nervous system 

More likely a respiratory or cardiovas- 
cular problem 

Suggests an acquired disease, or a con- 
genital problem with secondary com- 
plication 

Less likely a systemic infectious disease 


There is a high incidence of a congeni- 
tal heart defect called patent ductus 
arteriosus in this breed 
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Physical Exam: The significant aspects of the physical examination are a normal gait 
with normal musculoskeletal and neurologic signs. The femoral pulse is normal. 
Palpation (feeling or examining by hand) reveals that the apex beat of the heart is on 
the right side. Auscultation (to listen to, as with a stethoscope) of the heart reveals no 
murmur (a murmur refers to any abnormal heart sound). No abnormal lung sounds 
(rales) are detected. The dog is exercised and, after a short period, the pelvic limbs 
become progressively weak until they collapse. The thoracic limbs are normal and the 
dog remains alert. Increased rate and depth of respiration (hyperpnea) and cyanosis (a 


blue discoloration of the mucous membranes) are detected. 


Assessment of Physical Examination: 


FACTS 


Normal gait, musculoskeletal and neuro- 
logical examination 
Normal auscultation of lungs 


No cardiac murmurs 


Palpation of a right apex beat 


Normal femoral pulse 


Hyperpnea and cyanosis on exercise 


Pelvic limb collapse, normal thoracic 
limbs 


INTERPRETATION 


The problem is unlikely to be caused 
by a disease of these systems 

Less likely to be a primary respiratory 
system disease 

Less likely to be a cardiac disease un- 
less the cardiac lesion (morphologic 
abnormality) does not restrict blood 
flow so as to cause an abnormal 
sound 

Normally the apex beat is on the left; 
enlargement of the right ventricle 
may cause the apex beat to be felt on 
the right side 

Less likely the problem is caused by a 
blockage of blood flow to the pelvic 
limbs, such as an embolism or 
thrombosis 

Indicates insufficient oxygenation of 
red blood cells due to a shunt be- 
tween the venous and arterial blood 
supplies and an impediment to pul- 
monary blood flow and oxygenation 

Indication that the insufficient oxygen- 
ation has mostly affected the blood 
supply of the pelvic limbs and the 


' the point shunt is behind the major blood sup- 
pane ply to the thoracic limbs and head 
A illness. , Differential Diagnosis: Based on an interpretation of these facts, the most likely clinical 
tory func- diagnosis is a cardiovascular malformation that causes a reduced level of oxygenation in 
the blood by allowing blood to be shunted from the venous to the arterial systems. The 
tentative hypothesis is that the animal suffers from a severe patent ductus arteriosus. 
N 
tyner- aortic arch shown in Figure I.1. In the adult circulation. This dorsal part of the left 6th 
cular or : ; : A 
the ventral part of each 6th aortic arch forms aortic arch is the ductus arteriosus. The cor- 
zentral the pulmonary arteries, carrying blood from responding segment of the right 6th aortic 
. the right ventricle to the lungs. However, arch degenerates. 
irdiovas- oxygenation in the embryo occurs in the Postnatally, a large patent ductus arteri- 
placenta, not the lungs, and blood entering osus with a pressure in the pulmonary trunk 
or a con- : . . v . n 
lary com- the right side of the heart via umbilical veins and arteries that exceeds that of the aorta 
is fully oxygenated. To avoid circulating this would permit unoxygenated pulmonary 
JS disease blood through pulmonary tissue, the dorsal blood to flow into the aorta without oxygen- 
: part of the LEFT 6th aortic remains patent ation. The ductus arteriosus normally enters 
Portus (open) until birth, providing a direct channel the aorta behind the main. branches to the 


for oxygenated blood to enter the systemic 


head and thoracic limbs so the majority of 
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the unoxygenated blood is flowing to the 
pelvic limbs. If the patency is large there 
may be little turbulence in the flow of blood 
and no murmur will be auscultated. 

At this stage in the diagnosis the clinician 
would obtain lab tests that determine the 
number and types of cells in the blood and 
might prepare an electrocardiogram. Other 
procedures include angiocardiography, in 
which radiopaque dye injected into the right 
ventricle via a catheter inserted into the 
jugular vein is followed radiographically, or 
echocardiography, in which ultrasound is 


used to nonsurgically visualize each part of 
the heart and the major blood vessels. 

As will be discussed in detail in Chapters 
11 and 12, patent ductus arteriosus is the 
most common cardiovascular malformation 
in dogs. However, the signs presented vary 
considerably, depending upon the age of the 
animal, the degree of patency in the duct 
and the level of right ventricular pressure. 
This is but one of many situations in which 
an abnormal clinical presentation will be 
attributable to the persistence of a normal 
embryonic structure. 


CASE HISTORY 
Signalment: Stillborn lambs with craniofacial malformations (Fig. 1.3). 


History: Lambs were delivered from four ewes on two successive days; the rest of the 
flock was normal. Different rams were used for breeding, and the ewes were unrelated. 
The flock had occasional access to open pasture. 

Physical Exam: Neonates all have severe reduction of facial features, a single fused orbit 
with double (Fig. 1.35) or single (synophthalmia, Fig. I.3C) eyes, and a protruding 
tongue. In addition, they have a prominent proboscis, which is a median, fleshy 
protrusion above the orbit. The forebrain is reduced in size and has a large single 


(rather than paired) ventricle. 


Diagnosis: Cyclopia and cebocephaly (monkey-face). 


B 


Figure |.3. The effects of ingested Veratrum upon sheep development. A, normal ovine fetus at 59 
days of gestation. B, cebocephalic (monkey-faced) lamb fetus of same age with two eyes in a 
common orbit, reduced upper jaw, and supraorbital proboscis. C, severely effected, cyclopic sheep 
fetus at 96 days of gestation. (Courtesy of HE Evans.) 
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Cause: Cyclopia has been reported in most ruminants and, less frequently, in other 
mammals including man; it is most common in sheep. Experimental studies have 
proved that ingestion of the wild plant false hellebore (corn lily, Veratrum) early in 
gestation will cause this condition in sheep. While the active alkaloids have been 
identified, their exact mode of action on the embryo has not been resolved. 


From what is known about the develop- 
ment of the vertebrate head, this malfor- 
mation most likely results from an interfer- 
ence with interactions between the primor- 
dium of the eye-forming region of the brain 
and cell populations located beneath this 
primordium. Cyclopia can be experimen- 
tally produced in fish and amphibian em- 
bryos by either applying chemical teratogens 
or performing surgical lesions at a specific 
stage of embryogenesis. 

By knowing these experimental data it was 
possible for a team of veterinarians and anat- 
omists to propose that Veratrum might be 
disrupting sheep development at a very pre- 
cise and short period of time on the 14th 
day of gestation. Experimental studies con- 
firmed this, and this information has led to 
a substantial reduction in the incidence of 
cyclopia in sheep. This situation illustrates 
how one task of the clinician is to be aware 


of and able to identify possible teratogenic _ 
materials, and to know critical periods of 


susceptibility during which pregnant ani- 
mals must. be protected from exposure to 
these agents. 
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CHAPTER 1 


Organization of Vertebrate Embryos 


Historical Background 
Terminology 
Germ layers 
Histological terms 
Common Anatomical Features of Vertebrate 
Embryos 
Anatomy of the 4-mm, (24-somite) Canine 
Embryo 
Axial tissues 
Lateral mesoderm 
Endodermal structures 
Cardiovascular system 


HISTORICAL BACKGROUND 
The questions of how living organisms 
develop and what causes malformations to 
occur have piqued man’s curiosity since be- 


fore recorded history. Since the early Greeks, ~ 


especially Heraclitus and Aristotle, philoso- 
phers, theologians and scientists have wres- 
tled with these problems. Until the last cen- 
tury. there were two general schools of 
thought, the preformationists and epigene- 
ticists. Followers of the preformation theory 
believed that all tissues and the general body 
form were present in the sperm or egg, and 
that development proceeded by enlargement 
of this miniature organism. A 17th century 
microscopist named Hartsoeker even 
claimed to have obseved a miniature human 
(homunculus) in the head of a sperm. . 

In contrast, the epigenetic theory pro- 
posed that the tissues and form of an orga- 
nism arose in a sequential manner from the 
amorphous contents of the fertilized egg. 
This theory, which can be traced to Aristotle 
but was not formalized until the mid 18th 
century by Wolff, did not gain general ac- 
ceptance until well into the last century. 

.It was von Baer (1828) who, based on 


comparative descriptive studies, first pro- 
posed that all vertebrate embryos pass 
through a stage at which they are anatomi- 
cally very similar. Only later do class, family, 
and species-specific ‘structures become evi- 
dent. This stage is seen in the dog of about 
18 days of gestation, the cow at 24 days, and 
the chick embryo of 48-60 h of incubation. 


TERMINOLOGY 


After introducing the basic terminology in 
embryology, this chapter will present the 
anatomy of this common stage, first in sche- 
matic fashion and then as exemplified in the 
canine embryo. 


Germ Layers 


Early in development all vertebrate em- 
bryos form three layers or sheets of cells, 
from which all tissues and organs in the 
emerging fetus will be formed. The outer or 
uppermost layer is the ectoderm, which will 
form the epidermis, neural tissues, and some 
of the skeletal and connective tissues of the 
head. The deepest, innermost layer is the 
endoderm, which will form the lining of the 
digestive tract, respiratory system and of 
those organs associated with digestion. Be- 
tween these two is a more loosely arrayed 
population of cells called mesoderm. This 
germ layer will form most of the muscles 
and skeletal tissues, the urogenital system, 
and the heart and blood vessels of the ani- 
mal. 

It was at one time believed that the anat- 
omy of the embryo was best understood by 
learning in detail the particular fates of each 
of these germ layers. However, this theory 
proved to be unacceptable when it was re- 
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alized that nearly all organs in the body are 
derived from more than one germ layer, or 
from different subsets of the same germ 
layer. Rather, the importance of the germ 
layers lies in the fact that all vertebrate em- 
bryos form these three layers and use them 
comparably in constructing the organs and 
tissues of the animal. 


Histological Terms 


All cells found in the early embryo, at 
stages prior to the formation of definitive 
organs, are either epithelial or mesenchymal 
in their appearance, as illustrated in Figure 
1.1 

An epithelium lines the surface of an or- 
gan structure and is highly specialized to 


MESENCHYME 


protect, absorb and/or secrete. Epithelial 
cells are closely apposed to neighboring cells 
and usually have tight junctions or desmo- 
somes. Also, the basal surface of these cells 
is underlain by a fibrous meshwork called 
the basal lamina. Examples of epithelia de- 
rived from each germ layer include the sur- 
face of the skin (ectoderm), the lining of the 
digestive tract (endoderm), and the lining of 
kidney tubules (mesoderm). Two additional 
terms refer to specialized epithelia. These 
are endothelium, which is the epithelium 
that lines blood vessels, and mesothelium, 
which is the epithelium that lines the serous 
(body) cavities and the surface of the organs 
associated with these cavities. 

Mesenchyme is the embryonic precursor 


EPITHELIA 


Midbrain 


Pharyngeal endoderm 


Surface ectoderm 


. "" 


Figure 1.1. Scanning electron micrograph of a chick embryo at approximately 36 hr of incubation 
(equivalent to a dog of approximately 17 days gestation). The embryo has been cut transversely at 
the level of the midbrain (mesencephalon), and this view is looking rostrally at that cut surface with 
the dorsal side of the embryo towards the top of the micrograph. The midbrain, pharynx and surface 
ectoderm (presumptive epidermis) are all epithelial tissues, while most of the other internal cells are 


mesenchymal. (Courtesy of K Tosney.) 
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of all connective and muscle tissues, and is 
a component of all organs except the central 
nervous system. Mesenchymal cells are 
loosely and usually irregularly arranged with 
a large volume of extracellular matrix be- 
tween one another. This matrix contains 
collagen and other macromolecules that af- 
fect the behavior and subsequent develop- 
ment of the cells. During early stages of 
development, mesenchymal cells may aggre- 
gate and form an epithelium and, vice versa, 
epithelial cells may disperse to form mesen- 
chyme. 

The term mesenchyme denotes any tissue 
having this appearance and does not refer to 
either a specific germ layer of origin or any 
particular fate. Thus, the terms mesenchyme 
and mesoderm are not synonymous. As will 
be discussed later, most embryonic organs 
and tissues have both epithelial and mesen- 
chymal components, and interactions be- 
tweeen them are essential for normal devel- 
opment. 

The term connective tissue refers to the 
supporting tissue of the body, which includes 
loose areolar (subcutaneous) tissue, adipose 
tissue, dense fibrous connective tissues (lig- 


aments, tendons), cartilage and bone. 


Throughout most of the body these are mes- 
odermal in origin; in the head they are de- 
rived in part from ectoderm. All connective 
tissues develop from mesenchymal precur- 
sors. 


COMMON ANATOMICAL FEATURES OF 
VERTEBRATE EMBRYOS 


Vertebrate embryos begin their develop- 
ment with quite disparate appearances. 
Some, such as the bird, have very large eggs 
and others, including most domesticated 
mammals, have eggs that are nearly micro- 
scopic. Despite these differences, all verte- 
brate embryos develop structures that are 
remarkably similar. This section will de- 
scribe the anatomy of a “typical” embryo at 
a stage when the primordia of most organ 
systems are present but not yet differen- 
tiated. The subsequent changes that trans- 
form this common anatomical plan into the 
class and species-unique structures seen in 


the adult will form the basis for many of the 
following chapters. 

Figures 1.2 and 1.3 show cutaway sagittal 
and transverse sections of the vertebrate em- 
bryo. The body is covered by a layer of 
ectodermal epithelium, the presumptive ep- 
idermis, except at the site where the umbil- 
ical stalk (if present) emerges. Beneath this 
covering in the dorsal midline is the hollow 
neural tube, which has a series of enlarged 
vesicles located rostally. These are the pri- 
mordia of the brain, which is the first part 
of the nervous system to become specialized. 
Initially there are three vesicles, the prosen- 
cephalon, mesencephalon, and rhomben- 
cephalon, located in a rostrocaudal order. 
Growing out from the lateral walls of the 
prosencephalon are a pair of optic vesicles. 
Concomitant with the formation of the lens 
(Fig. 1.24) the outer wall of each optic ves- 
icle folds inward to form a two-layered optic 
cup. 

Another hollow: tube runs the length of 
the embryo near the ventral midline. This is 
the future gut, which is derived from endo- 
derm. Initially the gut is closed at both ends 
by layers of endoderm and ectoderm; later 
in development these areas of apposition 
open. The rostral end of the gut, the phar- 
ynx, is quite specialized in the embryo. 
There are a series of lateral outpocketings of 
the pharynx that extend out to the surface 
ectoderm. These are pharyngeal pouches. In 
fishes the areas where pharyngeal pouch en- 
doderm and surface ectoderm are apposed 
break down, forming channels between the 
mouth and pharynx and the surrounding 
water. These channels are gill slits. In higher 
vertebrates the breakdown, if it occurs (see 
Chapter 14), is transient. Nonetheless, the 
embryonic organization of the pharynx in 
fishes is retained in all vertebrates. 

Most of the other tissues in embryos at 
this stage are mesodermal. Located beside 
the neural tube is paraxial mesoderm, most 
of which is segmented along the body axis. 
Each segment is called a somite, and these 
will contribute to the development of all 
axial skeletal structures and voluntary mus- 
cles of the body. Immediately ventral to the 
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Figures 1.2 and 1.3. Figure 1.2, schematic lateral, and Figure 1.3, transverse sectional views 
showing the embryonic anatomical features common to most vertebrate embryos; vascular tissues 
are shown in red. A few structures, such as the umbilical stalk are found in only some vertebrates, 
including mammals. Compare these with Figures 1.5 and 1.6, which are a reconstructed lateral view 
and representative transverse sections of a canine embryo. 


neural tube is a longitudinal rod that extends 
from the level of the midbrain to the tail. 
This mesodermal condensation is the noto- 
chord. Although it may play a skeletal role 
in some primitive fishes, the notochord is 
not fully retained in any of the higher ver- 
tebrates (see Chapter 8). However, the de- 
velopment of other axial structures, includ- 
ing the neural tube and paraxial mesoderm, 
depends upon the notochord, which is one 
explanation for why it has been retained 
through the course of evolution. 

Located lateral to the paraxial mesoderm 
are clusters of epithelial ducts and tubules 
that will form nephrogenic and gonadal 
structures. The remaining mesoderm, which 
extends around the gut and beneath the 
surface ectoderm to the ventral midline, is 
lateral plate mesoderm. It is divided into 
outer, somatic (parietal) and inner, splanch- 
nic (visceral) layers, with a cavity, the coe- 
lom, between them. This organization is 
found throughout the body of the embryo 
except in the head and caudal (tail) regions, 
where no coelomic cavity is present. 

The cardiovascular system is also derived 


from a simple, common embryonic plan. 
The heart, which is first recognizable as a 
slightly curved tube, is located midventrally 
beneath the caudal part of the pharynx. Ex- 
tending rostrally from it is a single vessel, 
the ventral aorta, from which grow bilateral 
pairs of blood vessels. These vessels, called 
aortic arches, carry blood dorsally around 
the pharynx to empty into paired dorsal 
aortae. An aortic arch passes immediately in 
front of each pharyngeal pouch. The dorsal 
aortae, which unite to form a single dorsal 
aorta caudal to the heart, carry blood to the 
rest of the body. 

The venous system is initially more sim- 
ple. A pair of veins carry blood towards the 
heart from both the head and the trunk 
regions. These are the cranial and caudal 
cardinal veins, and they empty into the heart 
via common cardinal veins. 

Many vertebrate embryos, including all 
reptiles, birds and mammals and some 
fishes, have well developed extraembryonic 
membranes. Branches of the dorsal aorta 
carry blood out of the embryo either adja- 
cent to the yolk stalk, which 1s attached to 
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Figure 1.3. 


the midgut, or the allantoic stalk, a divertic- 
ulum of the hindgut. The former are called 
vitelline arteries, the latter are allantoic or 
umbilical arteries. 

In summary, all vertebrate embryos share 
the following common features: 


1. A dorsal, hollow neural tube that is enlarged 
rostrally; 

2. A series of somites, which establish the seg- 
mental pattern of the embryo; 


3. A ventral tube, the gut, that is derived from 
endoderm, which will form the lining of 
tissues associated with respiration, diges- 
tion, and splanchnic mesoderm. This tube 
is enlarged cranially as the pharynx; 

4. A.coelom lined by sheets of lateral meso- 
derm; and 

5. A ventrally located heart and series of bilat- 
eral aortic arches that partially surround the 
pharynx and empty into a pair of dorsal 
aortae. 


ANATOMY OF THE 4-mm (24-SOMITE) 
CANINE EMBRYO 


Embryonic development proceeds in a 
rostral to caudal sequence. Thus, most of 
the structures present in an embryo during 
the initial stages of organogenesis are those 
associated with the head, neck and thoracic 
regions. 

Figures 1.4 and 1.5 show a 22-somite fe- 
line and, schematically, a 24-somite canine 
embryo, viewed from the right side. By this 
stage the formerly straight embryo has 
formed two prominent ventral flexures. 
That occurring at the level of the first few 
somites is the cervical flexure, that at the 
level of the mesencephalon is the cranial 


. flexure. Most of the tissues that will form 


the face and jaws are still rudimentary, with 
the paired primordia of the maxilla and 
mandible (1st visceral arch) located laterally. 
The heart, which is located ventral to the 
level where the otic vesicle (future inner ear) 
is developing, is in the process of forming a 
loop. By this stage it has already been con- 
tracting for 2-3 days. 

Table 1.1 lists the locations in Figure 1.6 
of most structures described in the following 
text. This table can be used as a guide to 
finding each of these embryonic organs in 
the serial sections illustrated. By studying 
these sections and also Figures 1.4 and 1.5 
you should acquire an appreciation of both 
the morphological appearance and spatial 
relations of each of these primitive organ 
systems. 


Axial Tissues 


At this stage, the brain and spinal cord 
consist of an epithelial cylinder with a large 
central cavity or lumen. This neural tube 
formed from a flat sheet of ectodermal epi- 
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Figure 1.4. Scanning electron micrograph of the right side of a 22-somite cat embryo, approximately 
15-16 days of gestation. The amnion and both the future midgut endoderm and adjacent lateral 
splanchnic mesoderm were cut off close to the body of the embryo during preparation of this 
specimen (bar, 1 mm). 
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Figure 1.5. Schematic right lateral view of a 24-somite dog embryo prepared from the sections in 
Figure 1.6. The embryo is bent ventrally at the level of the mesencephalon (cranial flexure) and the 
first few somites (cervical flexure), and much of the gut is open ventrally. Note that the heart lies 
ventral to the hindbrain and pharynx at this stage, and that most abdominal and appendicular tissues 
are rudimentary or not yet present. 


thelium that thickened to form the neural  . Telencephalon, future cerebrum (forebrain); 
plate. The lateral margins of the neural plate Diencephalon, future thalamus, hypothalamus, 


elevated and fused with one another to form M c Debe ie uae sd pons 
the closed tube (Fig. 6.3). i í 


and 


At this stage, the original three divisions Myelencephalon, future medulla oblongata. 
of the brain have formed five recognizable À 
parts. These are, from rostral to caudal, the: Extending laterally from the ventral part 
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Table 1.1. 
Index of structures present in 24-somite dog embryo sections 
Structure Location in figure 1.6 Structure Location in figure 1.6 
Ectoderm: nervous system and sensory organs Pleural cavity (con- E-G 
Diencephalon D-F tinuous with coe- 
Mesencephalon A-C lom) 
Metencephalon A-B Endodermal structures 
Myelencephalon A-F Pharynx E-G 
Optic vesicle E-F Pharyngeal pouch 1 C-D 
Otic vesicle A-B Pharyngeal pouch 2 C-D 
Spinal cord G-N Foregut H 
Telencephalon G-H Cranial intestinal | 
Paraxial mesoderm portal 
Somite 2 C Open mid- and l-K 
Somite 3 D hindgut 
Somite 4 F Hindgut (closed) L-N 
Somite 5 G Allantoic diverticu- M 
Somite 6 H lum 
Somite 8 l Cardiovascular system (listed in direction of 
Somite 10 J blood flow} 
Somite 24 K Arteries 
Unsegmented par- L, M, N Vitelline vein? J, I 
axial mesoderm Sinus venosus G, F 
(presumptive Atrium G 
somites) Bulboventricle H, t, H, G 
Dermamyotome J Truncus arteriosus F 
(combined der- Ventral aorta E, D 
matome and my- Aortic arch 1 E,D, C 
otome) Aortic arch 2 D, C 
Sclerotome J Aortic arch 3 D 
Notochord C-N Dorsal aorta C-N 
Intermediate mesoderm I—M Dorsal intersegmen- G, H 
Mesonephric duct K-L tal arteries 
Mesonephric tubule K Allantoic artery L,M 
Lateral mesoderm Veins 
Somatic mesoderm “L (E-N) Cranial cardinal vein A-F 
Splanchnic meso- L (E-N) Caudal cardinal vein K, J, I, H, G 
derm Common cardinal G 
Coelom (intraem- E-L vein 
bryonic) Sinus venosus G, F 
Pericardial cavity E-H 
(continuous with 
coelom) 


a Carries blood from yolk sac to embryo; allantoic veins bringing oxygenated blood from the placenta 


will form later. 


of the diencephalon are the optic stalks 
which support the optic vesicles. Later, the 
outer (lateral) part of this vesicle folds me- 
dially to form an optic cup. The original 
lateral surface will form the retina, the rest 
of the vesicle forms the pigmented epithe- 
lium. 

Lateral to the myelencephalon are the otic 
vesicles that developed from a pair of otic 


placodes located on the surface of the em- 
bryo. A placode is any focal thickening of 
the surface ectoderm. Each of these vesicles 
will form the entire membranous labyrinth 
of the inner ear. 

The brain is surrounded by loose mesen- 
chyme that is interrupted only by blood 
vessels. Beginning at the mesencephalon, the 
notochord lies ventral to the brain and spinal 
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cord, and extends caudally for most of the 
length of the embryo. 

Lateral to the spinal cord and notochord 
is paraxial mesoderm, most of which is seg- 
mented into discrete masses called somites. 
Somites form at the rate of approximately 1 
per hr beginning during the early stages of 
neural tube closure and cardiogenesis; som- 
itogenesis occurs in a rostral-caudal se- 
quence. Each somite has three subdivisions: 
a dorsolateral component, the dermatome, 
which will form the dermis of the skin; a 
middle component, the myotome, which will 
form axial and appendicular musculature; 
and a ventromedial component, the sclero- 
tome, that will form vertebrae and ribs. The 
sclerotomal component is closely associated 
with the notochord. 

The mesoderm located just lateral to the 
somites is called intermediate mesoderm. 
Elements of the excretory system will de- 
velop from this mesoderm; therefore, it is 
also referred to as the nephrogenic plate. It 
is continuous medially with the somites but 
is not segmented. After the first several som- 
ites have formed, short tubules and a longi- 
tudinal duct located lateral to the somites 
develop in this mesoderm. These are most 
easily seen in the future thoracic level of the 
animal in the form of the mesonephric tu- 
bules and mesonephric duct. Later, parts of 
the reproductive system and also the adrenal 
cortex will be derived from this intermediate 
mesoderm. 


Lateral Mesoderm 


Two sheets of mesoderm extend laterally 
from the intermediate mesoderm. The su- 
perficial layer remains adjacent to the ecto- 
derm and is called somatic (parietal) meso- 
derm because it will contribute to the for- 
mation of the body (soma) wall. The deeper 
layer remains adjacent to the endoderm and 
is the splanchnic (visceral) mesoderm that 
will form part of the wall of the internal 
organs (viscera) in the embryo. The space 
enclosed by these two layers is the coelom. 
A portion of this will be enclosed in the 


embryo as the body cavity; the remainder is 
the transient extraembryonic coelom. 


Endodermal Structures 


Prior to the 4-mm stage illustrated here, 
the region of the initially flat sheet of endo- 
derm located at the cranial end of the em- 
bryo is involved in head folding. In this 
process the endoderm forms a pair of folds 
ventrally that come together to form a tube. 
In the head region this tube is called the 
pharynx; more caudally it will be named 
according to the part of the gut which it will 
form (esophagus, stomach, etc.). The phar- 
ynx becomes flattened dorsoventrally. On 
each side of the embryo, the pharyngeal 
endoderm flares laterally and contacts the 
surface ecotoderm, which has become in- 
dented slightly. These outpocketings are the 
pharyngeal pouches (branchial pouches). 
The surface indentations are visceral 
grooves. A temporary opening often forms 
at the site of juxtaposition of endoderm and 
ectoderm; this is a visceral cleft. The mes- 
enchyme located lateral to the pharynx be- 
tween pouches forms a column called a vis- 


. ceral arch. The 1st and 2nd visceral arches 


are recognizable grossly at this stage as lat- 
eral bulges located between the brain and 
heart tissues (Fig. 1.4). 

In the 24-somite dog embryo, there are 
three pairs of pharyngeal pouches and two 
visceral clefts. Later, 4th and smaller 5th 
pouches will form. In fishes these pouches 
and clefts persist to form the gill slits; in 
higher vertebrates they are transient struc- 
tures that become highly modified and form 
such structures as the auditory tube, thymus, 
and parathyroids. 

Immediately caudal to the heart the closed 
foregut tube opens ventrally, at a site called 
the cranial intestinal portal (window). Cau- 
dal to this site, the endoderm is exposed 
ventrally. Later, the cranial intestinal portal 
shifts caudally, resulting in the progressive 
closure of foregut and midgut regions. Con- 
comitantly, a caudal intestinal portal shifts 
cranially to close the hindgut and midgut; 
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ü Figure 1.6 A-N. Representative sections of a 24-somite canine embryo, fixed at approximately 22 
M days of gestation. The location and plane of each section is indicated on the accompanying sketches 
: and all structures are indexed in Table 1.1. The right side of the embryo is on the left in these 
photomicrographs. Arrow in / indicates the site of chorioallantoic fold fusion. 
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Figure 1.6 C, E and F. 
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the two meet at a transient site, the vitelline 
duct (ileal or Meckel’s diverticulum), which 
is found near the ileojejunal junction. 


Cardiovascular System 


Prior to and during the early stages of 
embryo-maternal apposition, embryonic 
cells absorb necessary metabolites from 
fluids in the lumen of the uterus. However, 
the demands of the rapidly growing embryo 
soon exceed this method, and a vascular 
system develops to circulate nutrients to the 
growing cells. As a result, the vascular sys- 
tem is one of the first to be formed and to 
function in the embryo. 

When first formed the heart is a tube bent 
slightly to the right but not subdivided into 
any chambers. It begins beating within a few 
hours of its formation. At this time, blood 
enters the caudal part of the cardiac tube via 
a pair of large vitelline (omphalomesenteric) 
veins, passes through an enlarged, eccentric 
bulboventricle, and exits rostrally through a 
truncus arteriosus. 

By the 24-somite stage, the heart has 
folded and the beginnings of compartmen- 
talization are occurring. Blood from ex- 
traembryonic veins now enters the sinus 
venosus, which is the most caudal part of 
the heart at this stage and is situated near 
the midline of the embryo. It then enters a 

single atrium located on the left side of the 
embryo. From there it flows into the bulbo- 
ventricle, which is a large, U-shaped cham- 
ber at this stage. As blood courses through 
the ventricle, it flows from left to right. Also, 
it enters the ventricle flowing caudally and 
leaves it flowing rostrally and dorsally. Fi- 
nally, the blood exits the heart through the 
truncus arteriosus. 


From the truncus, blood enters the ventral 
aorta (aortic sac) from which project a series 
of paired blood vessels called aortic arches. 
Each of these arches passes through a vis- 
ceral arch in front of one of the pharyngeal 
pouches. In the 24-somite dog there are three 
pairs of aortic arches. Additional arches will 
form later, but only aortic arches 3, 4, and 
6 will be retained as the definitive arteries of 
the heart, thorax and thoracic limbs. 

Blood flows dorsally through the aortic 
arches into paired dorsal aortae. These ves- 
sels, which later fuse to form a single dorsal 
aorta in the trunk, carry blood caudally the 
length of the embryo. Branching laterally 
from the dorsal aortae at about the level of 
the 16th pair of somites are the vitelline 
arteries, which carry blood away from the 
embryo to a vascular plexus formed in the 
extraembryonic endoderm and splanchnic 
mesoderm. The dorsal aorta also gives off 
intersegmental arteries to the somites and 
will later supply arterial blood to the viscera 
and hindlimbs. 

At this stage the embryo does not have a 
closed circulation, which means that there 


- are no capillaries. Blood flows out of arteries 


into extracellular spaces and channels. It is 
collected in branches of the large cranial 
cardinal veins, which are located ventrolat- 
eral to the mid- and hindbrain. From these 
paired veins blood flows through a pair of 
common cardinal veins into the sinus veno- 
sus. Venous drainage of the trunk regions at 
this stage is slight and is accomplished by 
the small caudal cardinal veins. 

The 24-somite embryo is partially enve- 
loped by two extraembryonic membranes, 
the amnion and the chorion. Their structure 
and development will be discussed in Chap- 
ter 3. 
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GAMETOGENESIS 


Early in mammalian development, at or 
prior to the time of neural tube and heart 
formation, a population of primordial germ 
cells appears outside the body of the embryo 


in the yolk sac tissue (see Chapter 18). These 


cells migrate to and enter the embryonic 
gonad where they proliferate and eventually 
give rise to the gametes. 

In the ovary of the female fetus each pri- 
moridal germ cell forms an oogonium. Oo- 
gonia and their progeny are mitotically ac- 
tive up to and, in some instances, beyond 
parturition (birth), at which time they enter 
prophase of meiosis. The female germ cells 
are now called primary oocytes (Fig. 2.1). 
Homologous chromosomes have become 
paired (synapsis) and each has replicated to 
form two chromatids. Thus the primary oo- 
cyte contains 4 times the haploid amount of 
DNA. This is the stage at which exchange of 
genetic material (crossing over) occurs. 

Completion of the first meiotic division 
does not take place until after the female 
reaches sexual maturity. The genetic mate- 
rial is then equally divided with one member 
of each pair of homologous chromosomes 
being included in the nucleus of each daugh- 
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ter cell. This is called the meiotic reduction 
division because the number of chromo- 
somes is reduced from diploid to haploid. 
However, since each chromosome is still 
composed of two chromatids, the new cells 
each have twice the haploid amount of 
DNA. 

Cytokinesis (cell division) is unequal dur- 
ing this division. The cell that receives most 
of the cytoplasm 1s the secondary oocyte and 
the other, smaller daughter cell is termed the 
first polar body. Each of the cells is theoret- 
ically capable of completing the second mat- 
uration division upon the stimulus of fertil- 
ization. However, this rarely occurs and the 
first polar body soon degenerates in many 
species. The products of the second meiotic 
(maturation) division of the secondary oo- 
cyte are an ovum and a second polar body. 
Once again, cytokinesis is unequal, and the 
ovum retains most of the cytoplasm. 

Except in the dog and horse, the first 
meiotic division is not completed until just 
prior to ovulation. At ovulation a secondary 
oocyte (Fig. 2.2) and first polar body are 
released from the follicle. The secondary 
oocyte must be fertilized by a spermatozoon 
before the second, maturation division is 
completed. In the dog and horse a primary 
oocyte resting in prophase is ovulated and 
both meiotic divisions occur after fertiliza- 
tion. 

Use of the term ovum is problematic. An 
ovum is correctly defined as a female gamete 
containing the haploid number of chromo- 
somes, and the zygote is defined as the initial 
(2N) product of fertilization. As such, a true 
ovum never exists, since the cell that is 
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Figure 2.1. Outline of changes in chromosomal number and DNA content during meiosis in the 
formation of male and female germ cells (spermatogenesis, oogenesis). In this example N is the 
haploid amount of DNA in a cell with only one pair of homologous chromosomes. 
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actually fertilized is a secondary oocyte (pri- 
mary oocyte in the dog and horse). In com- 
mon usage the term ovum is used to describe 
an ovulated female gamete. 

The primordial germ cells in the testis of 
the male form spermatogonia that prolifer- 
ate mitotically throughout most of the life 
of the animal. Under the appropriate hor- 
monal stimulus a spermatogonium in inter- 
phase of its cell cycle replicates its DNA and 
becomes a primary spermatocyte. At the 
completion of the first meiotic division, two 
haploid secondary spermatocytes are pro- 
duced which rapidly complete the second 
division to form four spermatids. Further 


=. > j 7 


Figure 2.2. Hamster oocyte encased in the 
zona pellucida (Z) and surrounded by follicular 
cells comprising the corona radiata. This speci- 
men is from a preovulatory follicle. (From Hafez 
ESE: Scanning Electron Microscope Atlas of 
Mammalian Reproduction. New York, Springer- 
Verlag, 1975.) 


morphological alterations of cell organelles 
and the cell membrane of the spermatid 
result in the formation of the spermatozoon. 


GAMETES AND FERTILIZATION 


Gametes are among the most highly spe- 
cialized and species-specific cells in living 
organisms. Their structure and physiology 
must accommodate three functions: (a) to 
be able to survive in environments quite 
different from that of the gonad, (5) to be 
able to recognize homologous cells of the 
other gender and participate in events re- 
lated to fertilization, and (c) to provide suf- 
ficient genetic and, depending upon the spe- 
cies, cytoplasmic materials to support devel- 
opment of a new organism. 

Ova are classified on the basis of size, 
which is correlated with both the amount of 
yolk (lecithin) and its distribution, as sum- 
marized in Table 2.1. 

In placental mammals the ovum is sur- 
rounded with an acellular glycoproteina- 
ceous layer called the zona pellucia. Sur- 
rounding this are several hundred small fol- 
licular cells which are collectively called the 
corona radiata (Fig. 2.2). The ovum itself 
averages 100-140 um in diameter. 

The male gamete, the spermatozoon, con- 
tains three essential components: (a) a hap- 
loid number of tightly condensed chromo- 
somes; (b) an acrosome, which is a mem- 
brane-enclosed vesicle partly ensheathing 
the nucleus and containing lytic enzymes 
important for penetrating the zona pellu- 
cida; and (c) a set of structures essential for 
motility, including a tail containing an array 
of microtubules that extend into a neckpiece 
in which mitochondria are located. 

Following insemination the sperm un- 
dergo capacitation. This process initiates an 
enzymatic alteration of surface coat proteins 


Table 2.1. 
Classification of Vertebrate Eggs 
Animal Size? Yolk distribution 
Bird Macrolecithal ^ Telolecithal (at one end) 
Amphibian Mesolecithal Increasing gradient from animal to vegetal pole 


Placental mammal 


Microlecithal Isolecithal (equal) 


? Based on the amount of yolk present. 
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and a concomitant increase in sperm motil- 


during which sperm remain active and via- 
ble in the female tract differs according to 
the species, being less than a day in the cow 
and up to a week in the dog. 

Fertilization involves passage of the sperm 
through the corona radiata and penetration 
of the zona pellucida (Fig. 2.3). This is fol- 
lowed by the fertilization reaction, the first 
step of which is fusion of the membranes of 
the two gametes. Beginning at the site of 
membrane fusion, the resting potential of 
the zygote cell membrane drops. Also, there 
is a rapid increase in intracellular calcium, 
and the contents of many small, subsurface 
cortical vesicles are released between the 


zygote’s membrane and the zona pellucida. 


ditional sperm from fusing are also an effec- 
tive block to polyspermy, which is incorpo- 
ration of more than one sperm into the 
female gamete and is usually lethal. Subse- 
quently, the metabolic activity of the cell 
(respiration, protein synthesis, DNA synthe- 
sis), which had been quiescent prior to fer- 
tilization, becomes reactivated. 


CLEAVAGE STAGES 
Development of the embryo continues 
with the onset of cell division, called cleav- 
age. Cleavage, which in mammals occurs 
while the cells are still surrounded by the 
zona pellucida (Fig. 2.4), results in the pro- 
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duction of many smaller cells, the blasto- 
meres. The pattern of cleavage depends 
upon the amount of yolk present in the 
zygote. In birds the massive volume of yolk 
prevents complete division of the zygote; 
thus, cleavage is partial or meroblastic 
(meros, part), as shown later in Figure 2.9. 
Total (holoblastic) cleavage occurs in pla- 
cental mammals, in which the zygote con- 


tains a minimal amount of yolk. This is 
illustrated in Figure 2.5. 


Cleavage in Domestic Animals 


In the isolecithal zygote the planes of the 
second and third cleavages are at right angles 
to the preceding division plane. Also, after 
the four-cell stage, cleavage is often asyn- 
chronous and it is common to find five-, six- 


Figure 2.4. Newly fertilized zygote and four-blastomere bovine embryo encased in zona pellucida, 
photographed with a phase-contrast microscope. Note the reduction in blastomere size during these 
early cleavage stages. From Seidel GE: Science 211:35, 1981, with permission of American Associ- 
ation for the Advancement of Science. 


Figure 2.5. Scanning electron microscopic views of early mouse development; the zona pellucida 
has been removed in each case. A-D, early cleavage; E, morula at 4 days after fertilization, shown at 
higher magnification. A polar body is visible in B. (From Hafez ESE: Scanning Electron Microscope 
Atlas of Mammalian Reproduction. New York, Springer-Verlag, 1975. 
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and seven-cell embryos. Cleavage results in 
the formation of a solid cluster of cells 
termed a morula (Fig. 2.5£). Prior to this 
stage the cells of the corona radiata are shed, 
but the embryo remains surrounded by the 
zona pellucida. In man the morula consists 
of 9-16 cells by the 4th day of development; 
in most domestic animals there are 16-64 
cells. The blastomeres of the morula lose 
their spherical appearance and become 
tightly apposed to each other; this change is 
called compaction. 

Secretions from the blastomeres collect 


within the morula causing a fluid-filled cav- 
ity, the blastocoel, to form. The embryo at 
this stage, which begins within a week after 
fertilization (see Table inside front cover), is 
known as the blastocyst or blastula. During 
the blastocyst stage, the zona pellucida rup- 
tures and the embryo breaks free (hatches), 
as shown in Figures 2.6 and 2.21. There is a 
marked increase in the total size and often 
a change in shape of the organism during 
this stage, in large part due to enlargement 
of the blastocoel. For example, the dog blas- 
tocyst becomes pear shaped with a diameter 


expanded blastocyst (8-9 days), and D, hatched blastocyst (9 days). The rapid increase in blastocyst 
size in C is due to expansion of the fluid-filled blastocoel. Z.P., zona pellucida. (From GM Lindner and 
RW Wright: Theriogenology 20:407, 1983, € Geron-X, Inc.) 


Figure 2.6. Bovine embryos at A, morula (5 days postestrus); B, early blastocyst (7 days); C,- 
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of 1.5-2.5 mm (Fig. 2.7A), which represents 
a 10- to 20-fold increase in size. Equine 
blastocysts remain spherical, but pig, cattle 
and sheep blastocysts undergo a tremendous 
elongation, expanding at a rate of up to 1 
cm per hour and, in the ewe, reaching a 
length of 1 m by 16 days of gestation. 

All the cells of the blastocyst are not iden- 
tical. Those in one small area become 
slightly larger than the rest of the cells sur- 
rounding the blastocoel. These larger cells 
constitute the embryonic disk (inner cell 
mass, blastodisk), from which the embryo 
will develop. The cells on the periphery of 
the blastocyst are trophoblast cells. They 
facilitate the absorption of nutrients (trophe, 
nourishment) early in development and later 
participate in the formation of extraem- 
bryonic membranes, which contribute to the 
formation of the placenta. 

In domestic animals the trophoblast cells 
overlying the embryonic disk degenerate or 
shift peripherally and the blastodisk be- 
comes exposed on the surface of the blasto- 
cyst. In most primates the embryonic disk 
remains beneath the trophoblastic cover and 
is referred to as the inner cell mass. 


Cleavage in Birds 


The avian zygote (Fig. 2.8) is the “yolk” 
that one observes upon breaking open an 


egg. On the upper side of this large single 
cell there is a tiny white spot, the embryonic 
disk indicating the location of the nucleus 
and other cytoplasmic organelles of the zy- 
gote. Meroblastic cleavage commences at 
this site, as illustrated in Figure 2.9. Four or 
five cell divisions occur with complete kar- 
yokinesis (nuclear division) but incomplete 
cytokinesis. Cell membranes do not fuily 
surround the new cells and separate them 
from each other. Thus, the early avian em- 
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Chalaza 


Inner shell membrane 

E Outer shell membrane 
Figure 2.8. Components of the avian egg. The 

embryonic disk and yolk are surrounded by an 

egg membrane; together, these comprise the 

"ovum" of the bird. All other components are 

added as the ovum passes down the oviduct. 
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Figure 2.7. Dog blastocyst. A, whole embryo showing dense embryonic disk (center) and large, ; 
spherical, less dense trophoblast tissue. B and C are histological sections through a similar embryo i 
showing B, the enlarged cells of the embryonic disk and C, the two-layered peripheral region, where 

the outer (upper) layer is the trophoblast and thin inner layer is the hypoblast. 
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1st cleavage furrow 


2nd cleavage furrow 


ae 


Marginal blastomeres 
Central blastomeres 


Subgerminal cavity 


Hamilton 


Figure 2.9. Schematic representation of avian cleavage stages shown in dorsal (surface) views on 
the left, and transverse sections on the right. Until completion of the fourth cleavage the embryonic 


disk is a syncytium. Then the first cells become fully enclosed by a cell surface membrane; these are . 


the central blastomeres. Marginal blastomeres remain syncytial and continue to spread around the 
surface of the yolk for several days. A-D, first four cleavages; E, midcleavage stage. 
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bryo is a syncytium, which is the term de- 
scribing any multinucleated cell. 

Blastomere formation occurs by the 
growth of membranous furrows between nu- 
clei. These furrows secondarily expand be- 
low the nuclei and coalesce with other fur- 
rows to form mononucleated cells. Soon this 
rapidly proliferating mass of blastomeres 
separates from the underlying yolk. The 
space thus created is called the subgerminal 
cavity. Cells directly over the subgerminal 
cavity are the central blastomeres and, like 
the embryonic disk of mammals, these will 
form the body of the embryo. The more 
peripherally located cells are called marginal 
blastomeres, and these will form some of 
the extraembryonic membranes. Marginal 
blastomeres continue to divide rapidly and 
the population expands peripherally over the 
surface of the yolk. Only those located near 
the outer perimeter remain syncytial. 


EMBRYO TRANSFER 


The techniques of transferring preimplan- 
tation-stage embryos from a donor female 


to a surrogate recipient can be applied to . 


both laboratory and domesticated animals. 
Gonadotropin-induced superovulation fol- 
lowed by artificial insemination in cows re- 
sults in an average of six to seven normal 
embryos plus an additional two to three that 
are either abnormal or were not fertilized. 
The normals may be maintained for a day 
in an oxygenated, buffered tissue culture 
medium supplemented with serum or may 
be frozen in liquid nitrogen (—196°C) for 
long-term storage. Upon thawing these em- 
bryos must again be checked since approxi- 
mately one-third are damaged in this pro- 
cedure. 

The stage of embryo used for transfer is 
based upon two factors: accessibility and 
optimal survival. Bovine embryos enter the 
uterus and become readily obtainable non- 
surgically at 4-6 days after estrus (3.5-5 days 
after ovulation), by which time most are at 
the 16-cell stage or beyond. Beginning 
around day 8 postestrus the blastocyst ex- 
pands (Figs. 2.6 and 2.21), nearly doubling 
in diameter, and a day later the zona pellu- 


cida begins to disintegrate, allowing the em- 
bryo to hatch. Following this the embryos 
are unprotected and thus easily damaged. 
These events, entry into the uterus and 
hatching, circumscribe the optimal time for 
accessibility (after day 5 postestrus) and re- 
sistance to physical manipulation (before 
day 9). 

Widespread commercial application of 
embryo transfer is limited at this time by 
several factors. First, there is a considerable 
variation in the number of embryos ob- 
tained from superovulated donors, from 
over 20 to, often, 2 or less. Second, the 
technology for screening and storing of em- 
bryos is highly specialized and costly, much 
more so than for sperm. While these tech- 
nical drawbacks may be overcome in the 
near future, it is unlikely that embryo trans- 
fer will equal artificial insemination in prac- 
tical benefits to the dairy or beef industry. 
At present the method is most commonly 
used to expand the number of offspring from 
cows that have delivered outstanding calves, 
to quickly introduce new breeds or strains 
into an area, to increase incidence of twin- 
ning, and to test for recessive alleles in 
daughters of known carriers. 

With the advent of quick, nondamaging 
assays for determining the sex of a blastocyst 
(cytogenetic analyses are technically possible 
but not practical), the economic benefits of 
embryo transfer are increasing. In the future, 
embryo transfer may be coupled with tech- 
niques such as in vitro fertilization, blasto- 
mere cloning, nuclear transplantation and 
gene transfer, which could greatly increase 
its potential benefits. It is already possible in 
laboratory animals to transplant specific 
genes from one organism to another. For 
example, the growth hormone-producing 
genes from a rat can be introduced into the 
zygote of a mouse, and the donor implanted 
into a pseudopregnant mouse mother. By 
sexual maturity the genetically modified 
mouse is nearly twice the size of its normal 
litter mates. This type of genetic engineering 
has the potential of affecting not only 
growth, but resistance to disease, reproduc- 
tive features, and other parameters of great 
commercial concern. 
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GASTRULATION: AVIAN 


Gastrulation (gaster, belly) is a critical pe- 
riod in vertebrate development. At this stage 
cells of the embryonic disk become rear- 
ranged to form first two and then three 
separate, parallel (or concentric) tissues 
called germ layers. When three layers have 
been formed, the outermost is called ecto- 
derm, the innermost is endoderm, and that 
which forms between them is the mesoderm. 
In addition, based on the results of many 
experiments, it is known that the embryonic 
genome becomes activated at or shortly be- 
fore the gastrula stage and the developmen- 
tal potentials of particular tissues begin to 
be restricted (see Chapter 4). The intraem- 
bryonic features of mammalian and avian 
gastrulation are morphologically similar. 
Since most experimental analyses of these 
many tissue rearrangements have been per- 
formed in birds, gastrulation in this class will 
be presented first. 

Gastrulation in the bird occurs in central 
blastomeres of the embryonic disk overlying 
the subgerminal cavity. This region is also 
referred to as the area pellucida (clear area), 
in contrast to the marginal, more opaque 


area called the area opaca, which is adherent 


to the yolk. During late cleavage stages these 
central blastomeres become divided into two 
subpopulations, that are initially intermin- 
gled but appear to be of two different sizes 
(Fig. 2.104). Subsequently, the larger cells, 
which contain more yolk, segregate from the 


'smaller cells and form the roof of the subger- 


minal cavity. In addition, many of these 
larger cells aggregate at one pole of the em- 
bryonic disk (Fig. 2.10 B and C). This site 
of aggregation marks the future caudal end 
of the animal, and is the first grossly visible 
asymmetry in the developing embryo. 
Some of the larger, more deeply located 
cells break away from the mass of smaller 
cells and move into the subgerminal cavity, 
a process called delamination. These are 
joined by similar cells that have migrated 
into the subgerminal cavity from the caudal 
aggregate. As a result of these two processes, 
a new layer of cells is formed (Fig. 2.10D). 


This layer is called hypoblast. The cavity 
below the hypoblast 1s still the subgerminal 
cavity, but the newly formed cavity above it 
1s called the blastocoel. The more populous 
layer of smaller cells roofing the blastocoel 
is now called the epiblast. 

The accumulation of cells in the caudal 
part of the embryonic disk is the result of an 
expansion of the adjacent epiblast. This ex- 
pansion occurs by a thinning of the multi- 
layered epiblast. Whenever a tissue such as 
the epiblast expands, either it must occupy 
a greater area (radial expansion) or else cells 
must accumulate at one or more sites within 
the sheet (convergence). Blastulation and, 
even more so, gastrulation are examples of 
convergence. 

Gastrulation begins as soon as the hypo- 
blast layer is established. This process begins 
caudally, but at its peak involves the entire 
epiblast. The major stages of gastrulation are 
as follows: 


Oriented Expansion of the Epiblast; 
Caudal Convergence of Cells 


This initial phase, illustrated in Figure 
2.11, is a continuation of blastulation. Epi- 
blast populations located at progressively 
more rostral locations in the embryonic disk 
begin to undergo expansion. This results in 
the accumulation of cells in the caudal mid- 
line. 


Formation of the Primitive Streak 


More cells converge towards the midline 
of the epiblast, causing the caudal conden- 
sation to become elongated. This median, 
thickened area of the epiblast is called the 
primitive streak, and it marks the location 
ofthe future longitudinal axis of the embryo. 
As more of the epiblast undergoes expansion 
and an increasing number of these cells 
moves towards the caudal midline, the prim- 
itive streak elongates (Fig. 2.11 B and C). In 
fact, the entire blastodisk is increasing in 
length as more epiblast cells shift caudally. 

The cranial end of the primitive streak is 
slightly widened, giving the primitive streak 


a hairpin appearance when viewed from. 
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Figure 2.10. Events of avian blastulation. Shaded cells indicate those blastomeres that segregate 
then, by delamination, form the hypoblast. A greater number of these cells accumulates at the future 
caudal margin of the embryo than elsewhere. 
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Rostral 


Caudal 


C 


Figure 2.11. Dorsal (surface) views showing the 
movements of epiblast cells caudally and towards 
the midline during the late blastula and early 
gastrula stages of avian development. The darkly 
shaded area indicates the caudal region where 
epiblast cells accumulate and the primitive streak 
forms. 


. above (Figs. 2.12 and 2.13). This enlarged 
cranial tip is called the primitive node (Hen- 
sen's node, primitive knot). 


Involution of Epiblast Cells: Formation of 
Endoderm and Mesoderm 


In the center of the elongating primitive 
streak a longitudinal furrow called the prim- 
itive groove forms, as shown in Figure 2.12. 
This depression marks the site at which cells 
are leaving the epiblast. The first cells to 
break away invade the hypoblast layer, caus- 
ing the original hypoblast cells to be dis- 
placed peripherally. Most of these new, epi- 
blast-derived cells in the deeper layer will 
form the intraembryonic endoderm; the orig- 
inal hypoblast cells become extraembryonic 
endoderm. 

However, the majority of the cells that 
leave the epiblast at the primitive streak 
form a loose mesenchymal population lo- 
cated between the epiblast and hypoblast 
(endoderm) layers. This population is called 


mesoderm. As gastrulation proceeds, more 
epiblast-derived cells break away from the 
primitive streak to join the mesodermal pop- 
ulation. This causes the mesenchymal pop- 
ulation to expand laterally, as illustrated in 
Figures 2.12 and 2.15. The entire process, 
including cells leaving the epiblast, entering 
the deeper regions of the primitive groove, 
and then leaving to contribute to endo- 
dermal or mesodermal layers, is called in- 
volution. 


Regression of the Primitive Streak: 
Formation of the Notochord 


The cranial third of the epiblast, which 
was the last area to participate in gastrula- 
tion, is the first to cease expanding. Those 
cells already in the cranial part of the prim- 
itive groove migrate away as mesoderm, and 
no additional cells arrive at the midline to 
replace them. As a result the streak appears 
to regress (shorten), with the primitive node 
shifting position continually closer to the 
caudal end of the embryo. During this 
regression phase, cells in or close to the 
primitive node are deposited beneath the 
epiblast in the midline; these will form the 
notochord and paraxial mesoderm, as illus- 
trated in Figure 2.14. 

Atits maximum the chick primitive streak 
is nearly 2 mm long, and extends about two- 
thirds of the craniocaudal length of the em- 
bryonic disk. Avian gastrulation begins ap- 
proximately 24-30 hr after fertilization, 
which is usually about 6 hr after the egg is 
laid by a hen. The primitive streak is maxi- 
mally elongated at about 18 hr of incuba- 
tion, and it disappears by 2.5 days of incu- 
bation. When the streak has regressed com- 
pletely and no new mesodermal cells are 
being generated from the epiblast, gastrula- 
tion is completed. The epiblast cells that did 
not undergo involution and thus remain in 
the upper surface of the three-layered em- 
bryo are now called ectoderm. 

Mesoderm is formed from the entire 
length of the primitive streak. As the streak 
regresses the lateral margins of this mesen- 
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Figure 2.12. Oblique surface view of an avian midgastrula stage embryo cut transversely at two 
planes to reveal the locations of internal cells. In the more cranial section, cells derived from the 
epiblast are displacing hypoblast cells (shaded) to form endoderm and are also migrating between 
the two epithelial layers to form mesoderm, which at this stage is a mesenchymal tissue. The caudal 
(lower) section shows a slightly more advanced stage. 


36 


Figure 2.13. Scanning electron micrographs of six sequential stages in avian gastrulation and 
neurulation. In A, the primitive streak (PS) is maximally elongated, with the primitive node (PN) at its 
cranial tip. In B and C the primitive streak is regressing and, cranial to it, the head process is 
developing. D and E show the elevation of cephalic neural folds (NF) and in F, they meet to form the 
mesencephalon. At the same time the head process elevates from the surface of the embryonic disk 
and lateral body folds begin to undercut the cranial part of the embryo (arrows). This entire sequence 
takes only about 10 hr (from 16-25 hr of incubation). (Micrographs courtesy of Dr. Gary Schoenwolf.) 
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Figure 2.14. Schematic median sections illustrating the avian embryo at early, mid, and late gastrula 
stages. In B the primitive streak is at its maximum length, but by C it has regressed caudally, leaving 
the cranial portion of the notochord and a small population of prechordal mesoderm in the midline. 
The surface ectoderm overlying and immediately adjacent to the notochord thickens to form the 


neural plate. 


trally, eventually meeting in the midline in 
front of the embryo, as illustrated in Figure 


2.15. The first mesodermal cells to have ` 


formed all become extraembryonic and par- 
ticipate in formation of extraembryonic 
membranes (Chapter 3). The last mesoder- 
mal cells formed from the epiblast remain 
closest to the dorsal midline of the embryo, 
and form paraxial mesoderm. 


GASTRULATION: PRIMATES AND 
DOMESTIC ANIMALS 


Gastrulation occurs during the end of the 
2nd week of gestation in most domestic 
animals, and several days earlier in lab ani- 
mals. The morphogenetic movements which 
occur during mammalian gastrulation are 
similar to those in the chick. The most con- 
spicuous differences are associated with the 
necessity in mammals of forming extraem- 
bryonic tissues very early. As will be dis- 
cussed in Chapter 3, most mammalian em- 
bryos are establishing contacts with the uter- 
ine wall concomitant with the onset of gas- 
trulation. 


During the blastocyst stage, cells delami- 


-nate from the inner surface of the embryonic 


disk and expand beneath the trophoblast. 
These form a thin, continuous sheet lining 
the interior of the blastocyst, thus establish- 
ing a tube of hypoblast inside a tube of 
trophoblast (Fig. 2.168). Some texts refer to 
this sparse layer, shown in Figure 2.7C, as 
the exocoelomic membrane. The cavity of 
the hypoblast tube is called the archenteron, 
or primitive gut. Most of this tube will re- 
main outside of the embryo, forming the 
extraembryonic yolk sac. 

Primitive streak formation occurs in the 
epiblastic cells of the embryonic disk, which 
occupies a relatively small area of the blas- 
tocyst compared with the extraembryonic, 
trophoblastic portion. Epiblast cells that 
move inwards at the primitive streak (Figs. 
2.16 and 2.17) form the definitive endo- 
derm, the mesoderm of the embryonic axis, 
including the notochord and presumptive 
somites, and also the adjacent lateral meso- 
derm. 

In mammals such as the pig, sheep and 
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Figure 2.16. Early stages of gastrulation in the pig at 9-10 days of gestation. A,, A>, and As are 
median sections through the embryonic disk at progressively older stages, to illustrate the displace- 
ment of hypoblast and formation of mesoderm and endoderm by superficial (epiblast) cells. B, 
transverse section at a stage equivalent to As. 
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Figure 2.17. Transverse section showing the late primitive streak (PS) from a canine embryo ot 
approximately 18 days of gestation. 
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cow, in which the blastocysts become very 
elongated, the lateral mesoderm spreads 
quickly away from the embryonic disk. This 
population of lateral mesoderm splits into 
two layers, one associated with each of the 
epithelial tissues present (Fig. 2.18). The 
mesoderm immediately beneath the tropho- 
blast and embryonic ectoderm is somatic 
mesoderm, and the two layers combined are 
referred to as somatopleure. Mesoderm sur- 
rounding the hypoblast and embryonic en- 
doderm is splanchnic (visceral) mesoderm, 
and the combined layers are called splanch- 
nopleure. When the primitive streak be- 
comes inactive and regresses, the cells re- 
maining on the surface of the embryonic 
disk constitute the ectoderm. 

In the primate the inner cell mass usually 
is retained inside of and attached to the 
trophoblast (see Fig. 3.12). Early in gastru- 
lation the trophoblast cells separate from the 
inner cell mass, allowing cells of the epiblast 


A B 


DOMESTIC ANIMALS 


to undergo morphogenetic movements sim- 
ilar to those described above. 


NEURULATION 


Neurulation marks the formation of the 
central nervous system, the initial develop- 
ment of the gut and the heart, and the ap- 
pearance of segmented paraxial mesoderm. 
At this stage the body of the embryo begins 
to be delineated within the three germ layers 
established during gastrulation. 

The first feature of neurulation is a thick- 
ening of the surface ectoderm along the dor- 
sal midline to form a neural plate, which is 
bounded on both sides by slight elevations 
called neural folds. The plate becomes de- 
pressed in the midline, forming a neural 
groove, and the neural folds become more 
elevated, as shown in Figs. 2.13 C-F and 
2.19. Subsequently these folds converge to- 
wards the dorsal midline, meet and fuse 
together. This results in the formation of a 
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Figure 2.19. Transverse section from the caudal region of a 22-somite cat embryo. Both neural 
epithelium and endoderm are in the process of closing (arrows) to form the thoracolumbar spinal cord 


and hindgut, respectively. 


closed neural tube that is separated from 
overlying surface ectoderm. This process is 
discussed in greater detail in Chapter 6. 
Concomitant with the formation of a 
closed neural tube, the cephalic region of the 
avian embryo begins to grow above the sur- 
face of the blastodisk and also to elongate 
rostrally. This process, which is the first step 
in forming the body of the embryo, occurs 


in two stages. First, as the cephalic neural. 


tube elongates rostrally, it overgrows the un- 
derlying ectoderm and endoderm. This re- 
sults in the formation of a transverse furrow 
called the subcephalic pocket located be- 
neath the rostral margin of the forebrain, as 
shown in Figure 2.20. The elongating ce- 
phalic tissues are collectively called the head 
process. 

After this initial rostral elevation of the 
head, the surface ectoderm lateral to the 
brain begins to fold downward. The furrows 
that are formed on either side of the head 
are called lateral body folds (Fig. 2.13 D-F). 
These lateral folds are continuous with the 
subcephalic pocket. They become deeper, 
eventually undercutting the entire cephalic 
end of the embryo and separating the head 
process from underlying extraembryonic tis- 
sues. As development proceeds, lateral body 
folds progressively separate more of the em- 
bryo from underlying extraembryonic tis- 
sues. Later an identical process will begin at 
the tail region and proceed progressively cra- 
nially. The cranial and caudal sets of lateral 


body folds eventually meet at the level of 
the umbilicus, which is the stalk connecting 
the body of the embryo to its extraem- 
bryonic structures. 

Formation of the gut tube also begins 
during neurulation and mirrors the forma- 
tion of the neural tube. The most rostral tip 
of the gut tube, the pharynx, is formed when 
the subcephalic pocket expands beneath the 
head process (Fig. 2.20). The left and right 
endodermal folds meet in the ventral mid- 
line and fuse, thus forming a closed endo- 
dermal tube. This process continues from 
cranial to caudal and, later, proceeds cra- 
nially from the hindgut region. The transient 
openings from the closed parts of the gut 
into the subgerminal cavity (in birds) or 
archenteron (mammals) are called the cra- . 
nial and caudal intestinal portals (see Fig. 
1.5). 

As the gut begins to close beneath the level 
of the hindbrain, cardiogenic mesoderm lo- 
cated beside the paired endodermal folds is 
brought to the ventral midline. A tube of 
endothelium on each side will fuse to form 
a single cardiac tube. This will expand to the 
right, loop 180°, and then become subdi- 
vided into a four-chambered heart, as de- 
scribed in Chapter 12. 


EMBRYONIC DUPLICATIONS AND 


TWINNING 


Multiple births most frequently result 
from fertilization of separately ovulated fe- 
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Figure 2.20. Schematic median view of late gastrula and early neurula stages, illustrating in B, the 
elevation of the head process, and in C and D, initial folding of the surface of the embryonic disk to 
form the subcephalic pocket and the rostral part of the pharynx. At the same time, the primordium of 
the heart is folded beneath the embryo (see Chapter 12). Two cells have been blackened to help 
clarify the translocations occurring at these stages. Arrow in D passes through the cranial intestinal 
portal. 


male gametes. However, complete or partial 
separation of cleavage-stage blastomeres and 
blastocysts, or-duplications during gastrula- 
tion can also result in the development of 
multiple organisms. Such embryos are cate- 
gorized as being free (unattached to each 
other) or cojoined, and symmetrical or asym- 
metrical. 


Free (Separate), Symmetrical, Dizygotic 
Twins 


This category includes most normal twins. 
Those derived from separate zygotes are 
called dizygotic twins. Each embryo devel- 
ops independently with its own separate set 


of fetal membranes, although in some spe- 
cies the extraembryonic membranes fuse. In 
the cow this includes fusion of the allantoic 
blood vessels, which allows blood to be ex- 
changed between the fetuses. If the twins are 
of different sexes, this exchange results in an 
abnormal development of the genital system 
of the female and the production of a free- 
martin (see Chapter 19). 


Free, Symmetrical, Monozygotic Twins 


` These are identical twins derived initially 
from a single zygote. The separation or du- 


plication can occur at several different. 
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first cleavage may separate and each form 
an embryo. More frequently, separation of 
blastomeres occurs later during cleavage or 
blastocyst stages. If twinning is initiated dur- 
ing these stages, two separate sets of extraem- 
bryonic membranes will usually be formed. 

Figure 2.21 illustrates one way in which 
monozygotic twin bovine embryos can be 
produced following an abnormally small 
rupture in the zona pellucida. This permits 
some but not all of the blastocyst to break 
free. As long as both hemisected blastocysts 


41h25 ` 70h15 
Figure 2.21. Time lapse cinematograph record 
of atypical hatching by a cow blastocyst devel- 
oping in culture. Observations began using a 
fresh 7-day blastocyst (0 hr). By 26 hr 40 min, 
expansion is complete, and hatching is beginning. 
Note the subsequent movements of the embry- 
onic disk towards and partially through an open- 
ing in the zona pellucida. The two “half embryos” 
subsequently separated, forming identical (mon- 
ozygotic) twins (From Massip A, et al. Veterinary 
Record 112:301, 1983, © British Veterinary As 
sociation.) 


contain part of the embryonic disk, each 
half may develop normally. Occasionally the 
embryonic disk will split into two separate 
parts immediately prior to gastrulation. In 
these situations there is usually some sharing 
of extraembryonic membranes between the 
two fetuses. In the nine-banded armadillo 
the embryonic disk normally separates into 
four separate disks, each of which gives rise 
to an embryo. 


Free, Asymmetrical Twins 


With asymmetrical free twins one is nor- 
mal, the other is rudimentary in its devel- 
opment and survives by being attached to 
the blood supply of the fetal membranes of 
the normal twin. The origin of these asym- 
metric twins may be monozygotic or dizy- 
gotic. 

As a rule, the abnormal twin has no rec- 
ognizable body form and consists of skin 
with pigment and hair, connective tissue, 
bone, teeth, muscle and rudimentary diges- 
tive organs. Specific craniofacial structures 
can sometimes be identified. Although at- 
tached to the vascularized fetal membranes 


. of the normal twin, the abnormal twin is 


usually surrounded by its own amnion. 

Various names have been given to the 
abnormal twin. These include: amorphous 
globosus, anidian (formless) fetus, acardiac 
fetus or holocardius. Originally thought to 
all be of monozygotic origin, karyotype stud- 
ies have shown that some are dizygotic 
twins. It is possible that these represent an 
abortive attempt at development of a fertil- 
ized polar body. Among domestic animals 
these acardiac twins are most common in 
the cow. 

This abnormal twinning should be distin- 
guished from the condition known as a 
mummified fetus or lithopedion (stone 
child), in which development of a normal 
twin is arrested. Rather than become re- 
sorbed, the twin becomes dehydrated and 
shrunken. The presence of a mummified 
fetus can cause dystocia (abnormal delivery) 
or, if retained, lead to uterine infection or 
interfere with a subsequent pregnancy. 


i 
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Mummified fetuses are most commonly 
found in cows. 


Cojoined or Fused Symmetrical Twins 


All cojoined twins are monozygotic in 
origin and represent incomplete division of 
one embryo into two components, usually 
at some time during the primitive streak 
stage. If the twins are nearly complete, they 


Figure 2.22. Incomplete, symmetrical twinning. A, tetrascelus (four pelvic limbs) in a puppy; B, ovine 
thoracopagus; C, thoracoabdominopagus in pigs; and D, radiograph of guinea pigs with cephalopagus. 


are generally termed diplopagus (2-fold 
joined), the preferred equivalent of “Sia- 
mese" twins. Whenever possible, such twins 
are identified according to the site of attach- 
ment. 


Thoracopagus, joined at the sternal region of 
the thorax, facing each other, often with 
partially fused or compromised hearts (Fig. 
2.22B); 
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Abdominopagus, joined at the abdomen, often 
with partially fused intestines (Figure 2.22C); 

Pygopagus, joined back to back at the pelvis or 
sacrum (pygos, buttocks); and 

Cephalopagus (craniopagus), joined in the head 
region (Fig. 2.22D). 


It is also possible to have duplication of 
one part of the future axial (and adjacent) 
structures. These usually arise during prim- 
itive streak elongation or regression. This set 


Figure 2.23. Dicephalic cow neonate. A and B, 
dorsal and ventral views of the skull; C, dorsal 
view of brain from similar specimen. Most of 
these animals die due to suffocation resulting 
from abnormalities of the larynx or glottis. 


of anomalies is described by using the prefix 
di- (or tri-, tetra-, etc.) and the appropriate, 
region-specific suffix. For example: 


Dicephalus, two heads (Fig. 2.23); 

Diprosopus, two faces; 

Dicaudatus, two tails; 

Tetrabrachius, two pairs of thoracic limbs; and 

Tetrascelus, two pairs of pelvic limbs (Fig. 
2.224). 


Cojoined Twins, Asymmetrical 


Often the components of the cojoined 
twins are unequal in size (heteropagus) and 
consist of one reasonably normal individual, 
the autosite, with an extra body part, the 
parasite, attached to it. A frequent manifes- 
tation of this is the formation of an extra 
limb attached along the back of the animal. 
This is called notomelus (noto, back; melus, 
limb). A normal animal with an extra set of 
pelvic limbs projecting caudally from its is- 
chial arch is another example of asymmet- 
rical cojoined twinning. This type of dupli- 
cation usually arises after gastrulation when 
specific organ-forming regions called fields 
(limb field, heart field, eye field, etc.) are 
becoming organized (see Chapter 10). 
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In order for the early reptilian vertebrates 
to reproduce outside of an aquatic environ- 
ment it was necessary to develop structures 
that would both protect the embryo and 
allow it to exchange gasses with its environ- 
ment. This was accomplished by the for- 
mation of a shell and, internally, a set of 
extraembryonic membranes. There are four 
of them: the amnion and chorion, derived 
from somatopleure, and the allantois and 
yolk sac from splanchnopleure. Although 
called membranes, most extraembryonic 
membranes are in fact initially composed of 
two layers, somatic or splanchnic mesoderm 
plus ectoderm or endoderm. 


AVIAN 
Yolk Sac 


In the bird with its megalecithal zygote 
the yolk serves as a continual source of 
nutrients via the yolk sac and its vasculature. 


47 


Following gastrulation, the extraembryonic 
germ layers progressively expand over the 
yolk, which is bound initially by the cell 
membrane of the zygote and the acellular 
vitelline membrane. The endoderm and ad- 
jacent splanchnic mesoderm that directly 
cover the yolk comprise the yolk sac, shown 
in Figure 3.1. The outer perimeter of the 
developing yolk sac is marked by a blood 
vessel, the sinus terminalis or marginal vein, 
which demarcates the extent of growth of 
the splanchnic mesoderm over the yolk. 

By the 6th day of incubation in the chick, 
the yolk sac encloses most of the yolk, and 
is vascularized by vitelline blood vessels in 


- the splanchnic mesoderm. These pass into 


the embryo along the yolk stalk, which is 
formed by the completion of body folding 
and closure of the embryonic gut tube. Yolk 
does not pass directly into the embryonic 
digestive tract, but is absorbed through the 
yolk sac endoderm and endothelial lining of 
the vitelline vasculature. Thus, nutrients 
pass into the embryo via the vitelline veins. 
Beginning on the 19th day of incubation in 
the chick, which is 2 days before hatching 
(Table 3.1), the yolk sac is drawn into the 
abdominal cavity and the remaining undi- 
gested yolk is entirely absorbed by about 6 
days after hatching. 


Amnion and Chorion 


The process of body folding, which com- 
mences with the previously described head 
folding, continues caudally along the lateral 
aspects of the embryo by formation of lateral 
body folds and, at the caudal end, the tail 
fold. As a result of this process distinct lateral 
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sac 


Figure 3.1. Development of avian extraembryonic membranes. A and B show transverse sections 
on the 3rd and 5th days of incubation, during which time the large mass of yolk becomes partially 
encompassed by the yolk sac. C and D are lateral views of the 5th and 9th days of incubation to 
illustrate the development of the allantois. 


Table 3.1. and ventral body walls are formed around 
Incubation times for domesticated birds the embryo, except at the yolk stalk. 

Bird Days Simultaneous with the process of body 

Quail? 16 folding, a pair of folds consisting of extraem- 

Budgerigar 18-20 bryonic somatopleure begins to elevate 

liU já 2s (Figs. 3.14 and 3.24). These chorioamniotic 

Peafowl 28 folds initially form cranial to the head and 

Duck* 28 elevate at progressively more caudal levels 

Turkey 28 on both sides of the embryo. Later a similar 

Goose 28-32 series of events occurs at the caudal end of 


domesticated Coturnix (Japanese) quail. 


? Varies according to species. 


* The Moscovy duck is 35-37 days. 
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Figure 3.2. The development of the amnion and chorion in the avian embryo. The chorioamniotic 
folds elevate then fuse dorsal to the embryo. (Redrawn from LG Johnson and EP Volpe, 1973.) 


then meet and fuse over the dorsal midline 
of the embryo. As a result of this growth of 
folds over the embryo, two layers of soma- 
topleure, separated by the extraembryonic 
coelom, now extend over the embryo (Fig. 
3.2 B and C). The outer layer of somato- 
pleure is the chorion; the inner layer is the 
amnion. The ectoderm of the amnion is con- 
tinuous with the ectoderm of the embryonic 
skin at the umbilicus. The site where the left 
and right chorioamniotic folds meet and fuse 
is marked by a longitudinal raphe called the 
chorioamniotic raphe or mesamnion. In 
some species of birds (and mammals) it per- 
sists; in others it disappears, leaving no con- 
nection between the amnion and chorion. 
In the chick a chorioamniotic raphe persists. 

The cavity between the embryo and am- 
nion, the amniotic cavity, is filled with am- 


niotic fluid. This is initially a product of 
secretions from the amniotic ectoderm, but 
later receives fluids from the fetal kidneys, 
oral glands and respiratory tract. The am- 
niotic fluid serves to buoy and protect the 
embryo and provide it with an environment 
in which the embryo can move its body and 
limbs. 

Initially, there are no blood vessels in the 
chorion or amnion. However, vessels may 
later enter these layers of somatopleure from 
adjacent extraembryonic splanchnic meso- 
derm. Smooth muscle fibers develop in the 
somatic mesoderm of the amnion, and their 
contractions cause agitation of the fluid sur- 
rounding the embryo. 

The chorion expands quickly (Fig. 3.1) 
and by 7-8 days of incubation in the chick 
it becomes closely apposed to the inner shell 
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membrane. Together with the later forming 
allantois, the chorion mediates gas and water 
exchange. 


Allantois 


The allantois arises as a diverticulum of 
the embryonic hindgut. First visible in the 
extraembryonic coelom of the 3-day embryo 
as a small vesicle on the right side, by 10 
days the allantois fills the cavity between the 
amnion and the chorion. The allantoic 
splanchnic mesoderm meets and fuses with 
the splanchnic mesoderm of the yolk sac 
and also with the somatic mesoderm of the 
amnion and chorion. 

The allantois is vascularized by allantoic 
arteries that branch off the caudal portions 
of the two dorsal aortae. Allantoic veins 
(umbilical) enter the embryo at the umbili- 
cus and course cranially in the ventral body 
wall to enter the sinus venosus of the heart, 
along with the vitelline veins. When the 
allantois fuses with the chorion, its vessels 
vascularize the somatic mesoderm. This vas- 
cular chorioallantois is directly apposed to 
the inner shell membrane, and it is through 
these allantoic vessels that oxygen from the 
air around the egg is collected and carbon 
dioxide is released. The allantoic cavity 
serves to collect the urinary excretory wastes, 
most of which precipitate as uric acid in 
birds. 

As the embryo and its extraembryonic 
membranes develop, the volume of albumen 
is reduced, mostly by the transfer of its fluid 
content to the embryo. The space it origi- 
nally occupied is taken up by the embryo. 
When the yolk sac and chorion reach the 
ventral margin of the yolk, a small opening 
remains where yolk and albumen are contin- 
uous. This margin of extraembryonic mem- 
brane is the yolk sac umbilicus. Later, when 
the allantois expands in the extraembryonic 
coelom and reaches this location, a layer of 
chorion grows over the surface of the shrink- 
ing albumen, creating an albumen sac (Fig. 
3.1D). Prior to hatching, the albumen sac is 
enclosed in the abdomen of the embryo, 
along with the yolk sac. 


PLACENTA 


The placenta of eutherian mammals (all 
mammals except marsupials and egg-laying 
monotremes) is a structure that forms by the 
apposition of fetal membranes and maternal 
tissues. While its primary function is that of 
selectively mediating physiological exchange 
between the fetus and mother, it also serves 
as an important endocrine organ during ges- 
tation. The placenta, in particular the fetal 
components, acts as a barrier to prevent fetal 
and maternal blood from mixing. 

Superficially, the fetal membranes of 
mammals are very similar to those just de- 
scribed in birds (and reptiles). One major 
difference is that there is little or no yolk in 
the mammalian zygote, and as such, the yolk 
sac is often transient and not as well devel- 
oped. However, the rudimentary yolk sac 
does play an essential role in the initial stages 
of hematopoiesis (blood cell formation) and, 
in some species, is the source of germ cells. 
It is the chorioallantois that is the principal 
fetal component of the mammalian pla- 
centa. 

Prior to apposition with the uterine mu- 
cosa (endometrium), the developing mam- 
malian embryo.derives essential metabolic 
substrates from the fluid contents of the 
uterine cavity. This fluid is called histo- 
trophe and is a secretory product of the 
uterine mucosal glands. Histotrophe, which 
is also called “uterine milk,” contains low 
molecular weight metabolites, fats and gly- 
cogen. Following formation of the placenta, 
histotrophic nutrition is supplemented by 
hemotrophic nutrition, in which essential 
metabolites are provided by the maternal 
circulatory system. 

Although the placentas of all eutherian 
mammals share common structural origins 
and essential functions, in their fully devel- 
oped state they present contrasting appear- 
ances both in the number of tissue layers 
that remain intact between fetal and mater- 
nal circulating blood and in the distribution 
of contact sites. As outlined in Figure 3.3, 
there are three fetal extraembryonic layers 
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centa in all mammals. These are the endo- 
thelium, which lines the allantoic blood ves- 
sels, the chorioallantoic mesodermal connec- 
tive tissue layers, and the chorionic epithe- 
lial cell layer, which is derived from the 
epithelial layer of the trophoblast. 

However, different groups of mammals 
vary greatly with respect to which, if any, of 
the three maternal layers are retained. The 
three layers that constitute the uterine mu- 
cosa (endometrium) are the vascular endo- 
thelium, the surrounding uterine connective 
tissues, and the surface epithelium. 

In the domestic animals two types of pla- 


HEMOCHORIAL 

Rodent, monkey and man 

Figure 3.3. Classification of chorioallantoic placentas according to the number of maternal cell 
layers present. (Redrawn after LB Flexner and A Gellhorn, 1942.) 


centas prevail. An epitheliochorial placenta 
occurs in the horse, pig, and cattle, and in 
parts of the placenta of sheep and goats. As 
the name implies, the fetal chorion is in 
contact with maternal uterine epithelium. 
There is no loss of endometrial tissue during 
attachment and throughout gestation. Sim- 
ilarly, at birth the maternal endometrium 
remains intact and is not sloughed off during 
parturition. Such placentas are called adeci- 
duate (a = not; decidius = a falling off). The 
domestic ruminant is-an exception because, 
although the attachment is epitheliochorial, 
following parturition a portion of the endo- 
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metrium that formed the functional pla- 
centa is sloughed. Thus, in these species a 
partially deciduate placenta exists. 

In carnivores, such as the dog and cat, the 
functional placenta is endotheliochorial. En- 
dometrial epithelium and connective tissue 
are lost during attachment, leaving uterine 
vascular endothelium in contact with the 
fetal chorion. Loss of endometrium occurs 
during placental development and also at 
birth. Thus, these animals have deciduate 
placentas. In most rodents and many pri- 
mates, including the human, the maternal 
uterine vascular endothelium is also lost, 
resulting in free maternal blood bathing the 
chorionic cells. This is a hemochorial pla- 
centa, which is deciduate. 

While classification of placentas according 
to this histological method is the most widely 
used means of categorization, it is not with- 
out difficulties. First, this system describes 
only chorioallantoic placentas, and in many 
species the yolk sac forms placental tissues, 
especially during the early stages of fetal- 
maternal apposition. Also, in some animals 
(e.g. sheep and goats) the number of intact 
maternal layers differs in various parts of 
the mature placenta. 

In addition, it was formerly assumed that 
the ability of a placenta to function as a 
restrictive barrier was related solely to the 
number of maternal layers which persist. 
This assumption is unwarranted. Factors 
such as the total area of apposition, species- 
specific degree of permeability of the various 
layers, and patterns of fetal and maternal 
vasculature must also be considered. 

Due to these limitations, placentas are 
further classified according to shape and vas- 
cular arrangement. The various shapes, 
shown schematically in Figure 3.4, refer to 
arrangement of specialized zones of apposi- 
tion between fetal and maternal tissues 
where primary physiological exchanges oc- 
cur. In some species (e.g. horse and pig) the 
zone is distributed over most of the chorioal- 
lantois; this is called a diffuse placenta. In 
contrast, on the uterine mucosa of rumi- 
nants there are discrete areas called uterine 
caruncles to which fetal chorioallantoic tis- 
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Figure 3.4. Classification of placentas accord- 
ing to the shape and distribution of attachment 
Sites between extraembryonic and maternal tis- 
sues. (Redrawn after WJ Hamilton, JD Boyd and 
HW Mossman, 1962.) 


sues adhere (see Fig. 3.8); this is a cotyledon- 
ary placenta. The other arrangements, zon- 
ary and discoid, will be discussed later. 

In most domesticated mammals the cho- 
rionic epithelium forms long, branched villi 
at the sites of apposition with maternal tis- 
sues. These villi are epithelial-lined cylinders 
filled with mesenchyme and allantoic blood 
vessels, and they establish a villous placenta. 
In some species (carnivores, some rodents 
and primates) these villi coalesce and the 
allantoic vessels form irregular, tortuous 
channels. This vascular arrangement is 
termed a labyrinthine placenta. 


APPOSITION AND IMPLANTATION 


Embryonic tissues contact the uterine wall 
shortly after entering the uterus (Table 3.2). 
In most domesticated mammals the site of 
permanent contact is antimesometrial (op- 


posite to the side of mesenteric attachment) . 


and, in ruminants, the pig, and some ro- 


Table 3.2. 
Fetal-Matern 
Mammals?” 


> 


- — f) d AD a | re 


Animal 


Cat 
Cattle 
Dog 
Horse 
Sheep 
Swine 


? Data adapte 
and Christens 
? Data refer t 
ment; in somt 
choriovitellinic 
Horse). 

* Days after o 
“Usually equi 
uterine tube. 


dents, this s 
crease in vas 
blastocyst. 
Contractio 
endometrial 
movement c 
uterine mow 
ever, the me 
ing of blast 
which are thc 
two offspring 
The term i 
to describe th 
to the uterine 
earlier, the de 
siderably bet 
large domest 
ment is noni 
physically ser 
lium. Rodent 
crypts, which 
lining that sı 
embryo and : 
the uterus. In 
primates, incl 
terstitial; the 
tially destroy: 
jacent uterin 
around the ei 
nidation (nidu 


e, pig) 


COTYLEDONARY 
„ (ewe, cow) 


ZONARY: double 
(ferret, raccoon) 


T; 


of placentas accord- 
bution of attachment 
nic and maternal! tis- 
amilton, JD Boyd and 


; this is a cotyledon- 
arrangements, zon- 
jiscussed later. 
mammals the cho- 
long, branched villi 
1 with maternal tis- 
elial-lined cylinders 
and allantoic blood 
h a villous placenta. 
ores, some rodents 
li coalesce and the 
irregular, tortuous 
ir arrangement is 
acenta. 


IMPLANTATION 


tact the uterine wall 
: uterus (Table 3.2). 
1ammals the site of 
ntimesometrial (op- 
enteric attachment) 
pig, and some ro- 


eae | 


EFT ELLE PE EIN PENSET YELL DIR 


EXTRAEMBRYONIC MEMBRANES AND PLACENTATION 53 


Table 3.2. 
Fetal-Maternal Apposition in Domesticated 
Mammals?’ 


Animal Attachment Size of trophoblast Attachment 


begins* at this stage complete^ 
Cat 11-12 4 mm 16-17 
Cattle 28-32 200+ cm? 40-45 
Dog 14-17 4mm 20-21 
Horse 35-40 6-7 cm 95-105 
Sheep 15-18 10-20 cm 28-35 
Swine 12-13 Up to 1 m? 24-26 


? Data adapted from McLaren, 1980; and Evans 


and Christensen, 1979. 

? Data refer to definitive, chorioallantoic attach- 
ment; in some of these species there are earlier 
choriovitellinic attachments (see section on the 
Horse). 

* Days after ovulation. 

4 Usually equals or exceeds the length of the 
uterine tube. 


dents, this side of the uterus shows an in- 
crease in vascularity prior to contact by the 
blastocyst. 

Contractions of the uterine muscle and 
endometrial ciliary action facilitate the 
movement of blastocysts, including trans- 
uterine movement in many species. How- 


ever, the mechanisms responsible for spac- 


ing of blastocysts in polycotous species, 
which are those that give birth to more than 
two offspring per pregnancy, are unknown. 

The term implantation is commonly used 
to describe the attachment of the trophoblast 
to the uterine lining. However, as described 
earlier, the degree of attachment varies con- 
siderably between species. In most of the 
large domesticated mammals the attach- 
ment is noninvasive and fetal tissues can be 
physically separated from the uterine epithe- 
lium. Rodent blastocysts settle into uterine 
crypts, which are depressions in the uterine 
lining that subsequently close around the 
embryo and separate it from the lumen of 
the uterus. In most carnivores, rodents and 
primates, including man, attachment is in- 
terstitial; the trophoblast invades and par- 
tially destroys the endometrium. Later, ad- 
jacent uterine mucosal tissues may close 
around the embryo, a process that 1s called 
nidation (nidus, nest). 


PLACENTAS OF DOMESTIC ANIMALS 
Pig 


(Sus scrofa), gestation length: 114-115 
days (average). 

Close apposition to the uterine wall begins 
at about 12 days. In pigs the attachment of 
the chorionic trophoblast is unaccompanied 
by loss of endometrium or any marked al- 
teration in the morphology of the maternal 
tissues; thus, the porcine placenta is epithe- 
liochorial and adeciduate. 

The formation of a tube of hypoblast and 
the subsequent envelopment of it by 
splanchnic mesoderm to form the definitive 
yolk sac were described in the preceding 
chapter (see Figure 2.16). Once underlain by 
somatic mesoderm the entire trophoblast 
layer is termed the chorion. As in the chick, 
amniogenesis occurs by a bilateral folding 
and subsequent fusion of somatopleure tis- 
sue (Fig. 3.5). There is a permanent cho- 
rioamniotic raphe where the membranes re- 
main attached at the original zone of fusion. 

The allantois arises from the hindgut and 
enters the extraembryonic coelom at about 


. 15 days of gestation (Fig. 3.54). By 25 days 


it has filled the entire extraembryonic coe- 
lom except for the area of the chorioam- 
niotic raphe dorsal to the embryo. Simulta- 
neous with the expansion of the allantois, 
the yolk sac atrophies. Thus, while the yolk 
sac and its vitelline vasculature may facili- 
tate histotrophic nourishment of the young 
embryo, it is quickly replaced by the allan- 
tois. 

The placenta in the pig is epitheliochorial. 
The trophoblastic epithelium is in direct 
contact with the maternal uterine epithe- 
lium, although some allantoic capillaries 
may be interposed within the chorionic ep- 
ithelium to permit more direct exchange 
across the uterine mucosa. Based on its 
shape and superficial appearance, the pla- 
centa 1s classified as diffuse. 

As development proceeds, three zones de- 
velop on the chorionic surface, as shown in 
Figure 3.5E. The placental zone comprises 
the central one-half to two-thirds of the cho- 
rion. In this region the fetal chorion develops 
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Figure 3.5. Development of extraembryonic membranes in the pig (continued from Figs. 2.16 and 

2.17). A and D are schematic median views at the 10- and 25-somite stages (16 and 20 days of 

gestation); B and C are transverse sections at these stages. E illustrates the midfetal period. (Redrawn 

from BM Patten and B Carlson, 1974.) 
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transverse folds or ridges, which fit into 
similarly oriented grooves in the endome- 
trium. The development of microvilli on the 
free surface of the chorionic trophoblast cells 
in the placental zone further expands the 
surface area of contact. These interdigitate 
with similarly developed microvilli on the 
endometrial epithelial cells. 

Also prominent in the placental zone are 
areolae. These are shallow, cup-shaped in- 
dentations in the chorion that are located 
opposite the openings of uterine endometrial 
glands and facilitate histotrophic nutrition. 

Peripheral to the placental zone are the 
paraplacental zones that consist of a smooth 
chorion without folds or areolae, giving this 
region a glistening appearance when exam- 
ined grossly. The distal extremities of the 
chorion are markedly reduced in size, often 
appearing shriveled and dry; they may be 
colorless or brown. These comprise the isch- 
emic zones or necrotic tips (Fig. 3.5£). Is- 
chemia means lack of blood, and in these 
zones the allantois atrophies due to the oc- 
clusion of peripheral blood vessels. 

By the end of the first third of gestation, 


the pig fetuses and their membranes have . 


grown sufficiently that the ischemic zones of 
adjacent fetal membranes intertwine and 
fold into each other. This encroachment of 
adjacent fetal membranes on each other 
continues, so that by the end of the second 
third of gestation the. paraplacental zones 
have adhered to each other. Ultimately, the 
peripheral borders of the placental zone be- 
come apposed, but there is no fusion of fetal 
vascular tissues between adjacent placentas. 

At birth, the placental zone remains at- 
tached to the endometrium. Since the am- 
nion is attached to the chorion over the 
fetus, at the mesaminion, each fetus must 
rupture its amnion and the fused parapla- 
cental zone immediately before being born. 
Often a series of pigs will be born before the 
fetal membranes are shed from the uterus. 
As a rule, pigs are born without being cov- 
ered by their amnion because of the persist- 
ent mesamnion. 

In summary, the pig placenta is classified 
as a diffuse, epitheliochorial, adeciduate pla- 


centa that develops transverse folds in the 
placental zone. 


Horse 


(Equus caballus), gestation length: 335- 
345 days. 

The equine blastocyst remains spherical 
as gastrulation occurs. During this stage, it 
reaches a diameter of 4-5 cm. Within the 
late blastocyst stage embryo, the yolk sac 
expands and attaches to the chorion on the 
side opposite to the embryo. This three- 
layered zone of apposition (yolk sac endo- 
derm + fused somatic and splanchnic mes- 
oderm + trophoblast) is called a trilaminar 
omphalopleure (Fig. 3.6). A large blood ves- 
sel, the sinus terminalis, forms circumfer- 
entially around this zone. 

The attachment of yolk sac splanchno- 
pleure to chorionic somatopleure establishes 
a choriovitellinic placenta, and this is the 
primary facilitator of maternal-fetal ex- 
change during the first quarter of gestation 
in the horse. Histotrophic nutrients trans- 
ported to the embryo by vitelline veins con- 
stitute the primary source of metabolites for 
the embryo during this period. 

A band of elongated trophoblast cells ad- 
jacent to the sinus terminalis forms by the 
5th week. This is the chorionic girdle. En- 
dometrial glands in contact with this band 
become hypertrophic, forming endometrial 
cups, which contain trophoblast-derived go- 
nadotropin-secreting cells. These large secre- 
tory cells atrophy around 150 days of gesta- 
tion. 

Coelom formation occurs around 13-16 
days of gestation and is rapidly followed by 
the elevation and growth of folds of soma- 
topleure over the embryo to form the am- 
nion and chorion. Amniogenesis is com- 
pleted by about 21 days and no area of 
mesodermal fusion persists between the am- 
nion and chorion. Thus the extraembryonic 
coelom completely surrounds the amnion. 

The allantois appears in the extraem- 
bryonic coelom at about this time (21 days). 
It expands in the extraembryonic coelom 
over the embryo and on all sides-of the yolk 
sac. By 40 days of gestation, it has com- 
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branes at A, 15 days; B, 18 days; and C, 30 days of gestation. Note the persistent attachment of the 


yolk sac to the abembryonic chorion. 


pletely surrounded the yolk sac except for 
the zone of attachment of the yolk sac to 
chorion. Allantoic vessels then vascularize 
the somatic mesoderm of the chorion. 

Apposition of the chorion to the endo- 
metrial epithelium occurs slowly over the 
first 7-10 weeks of gestation, and is not 
complete until about 14 weeks of gestation. 
There is no loss of maternal tissue; thus, the 
equine placenta is classified as epitheliochor- 
ial. Attachment is diffuse. 

The area of placental contact is expanded 
by the development of tufts of branched villi 
on the chorion. They are distributed in clus- 
ters over the surface of the chorion and 


project into indentations on the endome- 
trium known as crypts (kryptos = hidden). 
These clusters of fetal tissues are called mi- 
crocotyledons, and are illustrated schemati- 
cally, later, in Figure 3.8C. Microvilli de- 
velop both on the surface of the chorionic 
epithelial cells and on the endometrial epi- 
thelial cells; these interdigitate with each 
other to form the epitheliochorial attach- 
ment. This attachment does not compro- 
mise the endometrium, and thus the equine 
placenta is adeciduate. Between the micro- 
cotyledons are numerous areolae that facil- 
itate absorption of histotrophe. 
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per pregnancy), with twins occurring in less 
than 1% of pregnancies. The expansion of 
one twin's placenta is often restricted by 
growth of the other's, and death of one or 
both twins in utero is common. 

Several additional structures form in the 
equine fetal membranes and extraem- 
bryonic cavities. Starting at about 85 days 
of gestation, small, soft, usually flat amor- 
phous structures can be found floating in 
the allantoic fluid. These white or brown 
masses are allantoic calculi, often referred to 
as hippomanes. They vary in size up to about 
6 X 14 cm, and consist of a nucleus of 
cellular debris, probably derived from the 
endodermal epithelium of the fetal gut, sur- 
rounded by concentric deposits of mucopro- 
tein, calcium, and phosphates. These calculi 
may form as the result of increased amounts 
of nitrogenous waste products being passed 
from the fetal kidneys into the allantois via 
the bladder, which develops in the proximal 
stalk of the allantois. 

Following the 10th week of gestation, the 
inner surface of the amnion becomes cov- 
ered with small, white, oval projections. 


These excrescences of ectodermal epithe- . 


lium are called amniotic plaques, and they 
contain large amounts of glycogen. Their 
function is unknown, but they should be 
recognized as normal structures. Amniotic 
plaques are particularly prominent on that 
part of the amnion that covers the umbilical 
cord, but they are not found on the surface 
ectoderm of the embryo. 

The quantity of both amniotic and allan- 
toic fluids slowly increases throughout ges- 
tation. At term a greater volume is present 
in the allantoic cavity (8-15 liters) than the 
amniotic cavity (3-5 liters). 

The umbilical cord is long in the horse 
due to the persistent attachment of the yolk 
sac to the abembryonic wall of the chorion. 
The proximal three-fifths of the cord is sur- 
rounded by amnion, the distal two-fifths by 
allantois. It varies in length from 50-100 cm 
and contains the rudimentary yolk sac and 
allantoic blood vessels. Many practitioners 
believe it is important for the health of the 
foal to allow the umbilical cord to remain 


attached for a few minutes following partu- 
rition (birth). This allows uterine contraction 
to force a large quantity of the placental 
blood present in the chorioallantoic vessels 
back through the umbilical veins and into 
the fetus. 

Foals may be born covered by the amnion. 
The reason for this is that the equine amnion 
completely separates from the chorion. At 
parturition, after the chorioallantois cover- 
ing the internal orifice of the uterus ruptures 
to release the allantoic fluid, the fetus re- 
mains attached to the chorion only by the 
base of the umbilical cord. The amnion does 
not need to rupture to allow birth of the 
foal. Even if it ruptures, the collapsed mem- 
brane may cover the head of the foal. If not 
removed by the mare or an attendant, this 
may result in suffocation of the neonate. 

In summary, the equine chorioallantoic 
placenta is diffuse, epitheliochorial and ade- 
ciduate with villi present in tufts called mi- 
crocotyledons. Amniotic plaques and allan- 
toic calculi are present. The mesamnion does 
not persist. 


Ruminants 

Cow (Bos taurus), gestation length: 279- 
282 days. 

Sheep (Ovis aires), gestation length: 148- 
150 days. 

Goat (Capra hircus), gestation length: 150 
days. 

Except for differences in time and minor 
structural features, the development of the 
fetal membranes of domesticated ruminants 
is similar. After hatching, the blastocyst be- 
gins to elongate and, as gastrulation com- 
mences, this process occurs so rapidly that 
the trophoblast extends the entire length of 
the bovine uterine horn by 19 days. Later 
the fetal membranes will extend into the 
opposite uterine horn. In the ovine embryo, 
elongation of the blastocyst commences on 
the 12th day and continues through the 14th 
day at a rate estimated at up to 1 cm per 
hour. 

In ruminants the yolk sac is functional for 
only a short period of time. Unlike the horse, 
apposition of the yolk sac splanchnopleure 
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oval-to-round elevations of endometrial mu- 
cosa, each of which is called a uterine carun- 
cle or endometrial pad. 

Uterine caruncles consist of subepithelial 
proliferations of connective tissue. They are 
a normal feature of nonpregnant animals as 
well. A total of approximately 75-120 ca- 
runcles are present in cattle, 80-100 in 
sheep. They are arranged in two dorsal and 
two ventral rows throughout the length of 
the uterine horns. When contacted by fetal 
membranes, they enlarge and form swellings 
with a convex surface in cattle, a concave 
surface in sheep. 

Contact with a caruncle causes the fetal 
chorioallantoic membranes to develop vil- 
lous processes. This region of specialization 
in the fetal tissue is termed a cotyledon. The 
villous processes extend into crypts that de- 
velop in the proliferating caruncle. A fetal 
cotyledon and a maternal caruncle together 
comprise a placentome, as illustrated in Fig- 
ure 3.8. 
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The fetal chorioallantoic tissues in contact 
with each uterine caruncle undergo hyper- 
plasia (increased cell proliferation) and hy- 
pertrophy (increased cell or tissue volume) 
as they form the cotyledon. Some of the 
cotyledons that develop over the dorsum of 
the fetus are chorioamniotic but are vascu- 
larized by allantoic blood vessels. 

These bovine, ovine and caprine placentas 
are classified grossly as cotyledonary or pla- 
centomatous. In the region of loose apposi- 
tion between the placentomes, there is only 
minimal villous development in the fetal 
membranes. Uterine endometrial glands are 
found in this intercaruncular area. 

Despite considerable debate in the litera- _ 
ture, it is now generally accepted that the 
histological structure of the chorion and ma- 
ternal epithelium is preserved throughout 
gestation in the cow; thus, the bovine pla- 
centa is classified as epitheliochorial. In con- 
trast, parts of the maternal epithelium are 
lost in sheep and goats; thus, these placentas 
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Figure 3.8. Placentomes of the A, cow; B, ewe; and C, horse. The microcotyledons of the horse 
are indistinct grossly, in contrast to the ruminant cotyledons that become apposed to large uterine 
caruncles. (Redrawn after SJ Roberts, 1971; and M Silver, et al., 1973.) 
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are syndesmochorial. In the ewe the mater- 
nal epithelium in the caruncle usually forms 
a syncytium as it proliferates. 

Between 7 and 10 days following birth, 
the crypts within each caruncle undergo ne- 
crosis due to ischemia, and epithelial cells 
are sloughed. Thus, the ruminant placenta 
can be considered as partially deciduate. The 
uterine epithelium later heals over the re- 
gressing caruncle. Failure of the fetal coty- 
ledons to separate from the caruncles follow- 
ing birth results in a retained placenta. 

Calculi, consisting of protein and calcium 
oxalate, may be found floating free in either 
the amniotic or allantoic cavities, more com- 
monly the latter. These are precipitates 
formed in a manner similar to those in the 
horse. 

The amount and consistency of the ex- 
traembryonic fetal fluids varies with the pe- 
riod of gestation. In cattle the volume of 
allantoic fluid exceeds that of the amniotic 
fluid during the first third of gestation. This 
is reversed during the second third, but in 
the last third the volume of allantoic fluid is 
again greater, averaging 6-9 liters compared 
with 3-6 liters of fluid in the amniotic cavity. 


During the first half of gestation, the fetal -- 


urine that is excreted into the bladder can 
pass directly into the allantoic cavity via the 
intraabdominal stalk of the allantois, the 
urachus. This extends from the apex of the 
developing bladder into the umbilical cord. 
Alternatively, fetal urine can exit via the 
cloacal opening into the amniotic fluid. 

As a result, fluids in both cavities contain 
nitrogenous wastes. In the last 2-3 months 
of gestation, the development ofa functional 
urethral sphincter in the bovine fetus pre- 
vents urine from entering the amniotic fluid 
and all of it passes into the allantoic fluid. 
Continual swallowing of the amniotic fluid 
allows nitrogenous wastes to be reabsorbed 
and then excreted into the allantois. 

In contrast, in sheep there are higher levels 
of nitrogenous wastes in the amniotic fluid. 
This is due to a loss of patency of the fetal 
urachus and maintenance of flow through 
the urethra. 

In summary, the bovine placenta is coty- 
ledonary, epitheliochorial, and moderately 


deciduate, while in sheep and goats it is 
partially syndesmochorial. The placentome, 
consisting of a uterine caruncle and fetal 
cotyledon, is convex in cows and concave in 
other domestic ruminants. 


Carnivores 


Dog. (Canis familiaris), gestation length: 
63 days. 

Cat (Felis domestica), gestation length: 60 
days. 

Ferret (Mustela putorius furo), gestation 
length: 41 days. 

The precise time of initial placenta for- 
mation in dogs is controversial, because 
breeding time is a poor indicator of the 
actual time of fertilization. Many bitches 
will mate several days prior to ovulation, 
and sperm remain viable in the female tract 
for approximately a week. The presence of 
only noncornified epithelial cells in a vaginal 
smear is the best morphological indicator of 
time of ovulation. In an animal with induced 
ovulation, such as the cat, or one with a 
short estrus period, the ferret for example, 
this is less of a problem. 

By the second week of gestation the canine 
blastocyst has entered the lumen of the 
uterus. Prior to apposition, which begins at 
about 14-17 days of gestation in the dog, 
11-12 days in the cat and 12-14 days in the 
ferret, blastocysts move extensively within 
and between uterine horns. Gastrulation be- 
gins shortly before or during the time of 
initial contact between the oblong tropho- 
blast and the uterine mucosa. 

Extraembryonic mesoderm forms 
quickly, and in the dog the yolk sac splanch- 
nopleure fuses with the chorionic somato- 
pleure in a broad, longitudinal band located 
along the trophoblast opposite the position 
of the embryo. Later in gestation this attach- 
ment is broken down, except at either ex- 
tremity, as shown in Figure 3.9. The yolk 
sac is vascularized by vitelline blood vessels 
and is functional well after the establishment 
of a chorioallantoic placenta in these ani- 
mals. In the dog it persists until term as a 


clearly visible tubular structure extending: 


throughout the length of the fetal membrane 
and attached at the poles (Figure 3.10). 
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Figure 3.9. Extraembryonic membranes of the dog. The membranes of a cat would appear similar 
except that the yolk sac is less prominent. 
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Figure 3.10. Photograph of a midterm canine fetus in utero. The chorion has been torn while 
opening the uterus. 


Amniogenesis occurs by the folding of into and completely fills the extraembryonic 
somatopleure (Fig. 3.11). Fusion of the folds coelom, except for the region of attachment 
is followed by a complete separation of the of the yolk sac to the chorion. Calculi and 
amniotic and chorionic mesoderm, so that amniotic plaques do not occur in these spe- 
the amnion-covered fetus floats free in the cies. 
extraembryonic coelom. The allantois grows Shortly before attachment, the tropho- 
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Figure 3.11. Transverse section through a 4- 
mm feline embryo to illustrate the formation of 
the amnion and chorion. Arrows indicate the cho- 
rioamniotic folds. 


blast around the central third of the chorion 
proliferates and forms two distinct types of 
tissue. The cells adjacent to the chorionic 
mesoderm remain epithelial and are called 
cytotrophoblast. However, many cells lo- 
cated above the embryonic disk proliferate 
rapidly and form a syncytium superficial to 
the cytotrophoblast. This syncytiotropho- 
blast is highly invasive, and wherever it con- 
tacts the wall of the uterus the maternal 
epithelium and underlying connective 
tissues are destroyed. However, the maternal 
vascular endothelium remains intact; thus, 
the carnivore placenta is classified as endo- 
theliochorial. Due to loss of maternal tissue 
during placentation, plus further sloughing 
at parturition, this placenta is deciduate. 
The zone of attachment between the cho- 
rioallantois and maternal tissues forms 
a broad band located circumferentially 


~-~ around the central third of the chorion. This 


topographical arrangement accounts for the 
carnivore placenta being termed a zonary 
placenta. The zone of specialized attach- 
ment is circumferentially complete in dogs 
and cats, but incomplete in bears and mus- 
telids (ferrets, skunks, weasels, mink). 

When the chorioallantoic vasculature de- 
velops, it initially forms vascular channels 
within the cores of syncytio- and cytotroph- 
oblast-covered villi. However, these villi sub- 
sequently coalesce to form vascular laby- 
rinths. Thus, the mature carnivore placenta 
is labyrinthine rather than villous. 


At the peripheral borders of the zonary 
placenta the maternal endothelium degen- 
erates, which causes bleeding into the spaces 
surrounded by the labyrinth. These circum- 
ferential bands, illustrated in Figure 3.10, 
are called marginal hematomas (hemopha- 
gous zones). Maternal venous drainage of 
these pools is minimal, but substances se- 
creted by the chorionic epithelium prevent 
coagulation. This blood is thought to serve 
as a source of iron to the embryo. It is green 
in dogs and brown in cats, due to the differ- 
ent nature of the hemoglobin breakdown 
products. In the ferret and raccoon, the pla- 
cental hematoma is situated centrally as a 
hemophagous sac rather than marginally. 

The peripheral poles, each comprising 
about one-third of the fetal membrane sur- 
face, remain free of any structural change 
and are loosely apposed to the maternal 
epithelium. These paraplacental areas are 
considered to be nonfunctional. Fusion does 
not usually occur between fetal membranes 
of adjacent embryos. 

Like the foal, the puppy and kitten have 
a tendency to be born completely sur- 
rounded by the amnion. Being unattached 
to the chorion, the amnion is free to pass 
out with the fetus during parturition. If it is 
not removed from around the head, suffo- 
cation may ensue. 

In summary, the typical carnivore pla- 
centa is zonary, endotheliochorial, and deci- 
duate. Neither calculi nor amniotic plaques 
form, but prominent hematomas are present. 
The yolk sac, which may be present as an 
elongated tube, is functional only briefly. 


PRIMATE PLACENTAS 


Human 

(Homo sapiens), gestation length: 266 
days. 

During the 1st week after fertilization, the 
embryo floats free in the uterine lumen and 
is nourished by histotrophe. Between 7 and 
9 days it attaches to one wall of the lumen 
and invades the endometrium, and by the 
12th day endometrial epithelium adjacent 


to the site of invasion has surrounded the : 


blastocyst (Fig. 3.12), completing the process 
of nidation. 
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Figure 3.12. Human blastocyst of approximately 12 days of gestation. The process of nidation is 
nearly complete, and maternal blood vessels have been destroyed by the syncytiotrophoblast. Pools 
of maternal blood called trophoblastic lacunae are present within the syncytiotrophoblast. Note 
particularly the precocious formation of extraembryonic mesoderm. The embryo is attached to the 
chorion by a mesodermal connecting stalk, in which allantoic blood vessels are forming. (Redrawn 


from J Langman, 1981.) 


In the human the inner cell mass remains 
deep to a layer of trophoblast, and the blas- 
tocyst maintains its oval shape. Amnio- 
genesis occurs by cavitation within the inner 
cell mass. As a result a roof of cells, the 
amniotic ectoderm, is formed over the epi- 
blast. During gastrulation, the migration of 
lateral mesoderm cells above the amniotic 
ectoderm completes formation of the am- 
nion. Body folding further extends the am- 
nion around and ventral to the embryo to 
the level of the umbilicus. The spread of 
lateral somatic mesoderm beneath the tro- 
phoblast forms the chorion. 

The yolk sac is probably nonfunctional 
with respect to histotrophic absorption in 
the primate. It atrophies early and is not 
usually visible at term in the umbilical cord. 
The development of the allantois as a fluid- 
filled, epithelial-lined vesicle is similarly ru- 
dimentary. It develops only to the extent 
that allantoic blood vessels grow out from 


the splanchnic mesoderm surrounding a 
hindgut diverticulum and invade the adja- 
cent chorionic mesoderm. Subsequently, the 
amnion expands, eventually obliterating the 
extraembryonic coelom, and the amniotic 
and chorionic somatic mesodermal layers 
fuse. Although the fetal placental mem- 
branes are structurally chorioamniotic, they 
are functionally chorioallantoic based on the 
source of blood vessels. 

Cell division is initially similar over the 
entire surface of the trophoblast. At the time 
of contact with the uterine wall the tropho- 
blast directly apposed to the mucosal cells 
proliferates extensively to form a massive 
labyrinth of syncytiotrophoblast and under- 
lying cytotrophoblast, all vascularized by al- 
lantoic vessels. This region develops into the 
chorion frondosum (leafy), in which cho- 
rionic villi become highly branched and then 
form a labyrinth (Fig. 3.13). The chorion 
adjacent to the endometrium on the sides 
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Figure 3.13. The human placenta at approximately 10 weeks of gestation. Large chorionic villi 
containing allantoic vessels have branched and become surrounded by intervillous lacunae, which 
are actually channels of maternal blood flow. The cytotrophoblast surrounding the villi degenerates, 
leaving only a thin layer of syncytiotrophoblast and allantoic vascular endothelium separating fetal 
from maternal circulatory systems. The umbilical cord is composed of vascular allantoic mesoderm 
and the vestigial yolk stalk. Later, the amnion expands and also surrounds the umbilical cord. 


and abembryonic surfaces proliferates to a 
lesser extent and is referred to as the chorion 
laeve (smooth). In the zone of contact by 
the syncytial chorion frondosum there is a 
massive loss of endometrial tissues, including 
the maternal vascular endothelium. Thus, 
free blood circulates through and bathes the 
labyrinth of the chorion. This is structurally 
and physiologically arranged in such a way 
that blood is pumped from uterine arteries 
into the intervillous lacunae lined by cho- 
rionic labyrinth and it is drained via uterine 
veins, insuring a continuous circulation. 
This is a hemochorial placenta. 

Cytological changes termed the decidual 
reaction occur in the connective tissues of 


the endometrium. Three regions of decidual 
areas are defined. The area apposed to the 
chorion frondosum is the decidua basalis 
and that apposed to the chorion laeve is the 
decidua capsularis. With growth of the em- 
bryo and placenta, the lumen of the uterus 
is soon obliterated and the endometrial de- 
cidua capsularis fuses with the endometrial 
tissue on the opposite side, which 1s called 
the decidua parietalis. 

The placentome, consisting of the chorion 
frondosum and the decidua basalis, is oval 
or disk shaped. This discoidal placenta av- 
erages 15-20 cm in diameter and 2-3 cm 
thick. Since loss of the entire endometrium 
occurs, this is a deciduate placenta. 
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Monkey Table 3.3. . 
(Macaca mulatta, rhesus monkey), gesta- Gestation Period of Laboratory Animals 
tion length: 160 days. Animal Days 
Many species differences exist in extraem- Mouse 18-21 
bryonic membrane formation and placen- Miei 95 E 
tation among the different groups of pri- GA 24-26 
mates. Amniogenesis occurs by cavitation if Guinea pig 63-70 
the inner cell mass remains covered by tro- Rabbit 30-32 


phoblast, as in man, apes and monkeys. If 
the embryonic disk is uncovered, as occurs 
in some lower forms of primates, the amnion 
is formed by folding. 

In the rhesus monkey the yolk sac degen- 
erates early and is probably nonfunctional. 
Similarly the allantois is vestigial as an en- 
dodermal sac, but allantoic blood vessels 
grow into the somatic mesoderm that at- 
taches the embryo to the adjacent chorionic 
somatic mesoderm. The amnion expands to 
obliterate the extraembryonic coelom and 
fuse with the chorion. 

In contrast to the situation in humans, the 
developing embryo does not undergo nida- 
tion, but remains in the lumen of the uterus 
and attaches to the endometrium at two 
sites. Usually a pair of discoid placentomes, 


one on each side of the uterine lumen, forms. 


following destruction of the endometrium 
by syncytiotrophoblast tissues. At the sites 
of this trophoblastic invasion, there is loss 
of maternal tissue down through the level of 
the vascular endothelium, so that free blood 
circulates throughout the villous develop- 
ment. Thus the double discoid placenta is 
hemochorial and deciduate. 


PLACENTAS OF LABORATORY 
ANIMALS 


Fetal membrane formation and placenta- 
tion in laboratory animals, including a 
lagomorph (rabbit), and several rodents, are 
strikingly different from the other mamma- 
lian orders and are similar to one another. 
Variations between the placentas of these 
animals are roughly correlated with species 
differences in the initial rate of development 
(Table 3.3), which increase progressively 
from the rabbit to the rat, mouse and guinea 
pig. 

Initial contact between the developing 


mouse embryo and the uterine mucosa in- 
volves the abembryonic trophoblast and the 
epithelial lining of a uterine crypt, which is 
a deep furrow in the endometrium (Fig. 
3.144). Following contact, the surrounding 
endometrial tissue swells. This decidual re- 
action causes the lips of the furrow to close 
partially around the embryo. This is referred 
to as the egg cylinder stage of development. 

Concomitantly, the trophoblast overlying 
the embryonic disc proliferates to form the 
syncytial ectoplacental cone (trager), which 
has degradative properties similar to the syn- 
cytiotrophoblast of carnivores and primates. 
Thus, the murine embryo undergoes nida- 
tion and establishes an interstitial attach- 
ment. While rabbit embryos also form an 
interstitial attachment, they remain in the 
uterine lumen and are not enclosed in the 
wall of the uterus. 

The cavity between the ectoplacental cone 
and the epiblastic surface of the embryo is 
the ectoplacental cavity. Later, extraem- 
bryonic somatopleure will develop folds 
across this cavity to establish the amnion 
and chorion (Fig. 3.14C). In addition to 
forming an ectoplacental cone the rodent is 


- unique in that the surface of the epiblast is 


curved, with the cranial and caudal margins 
close to one another. This condition, which 
results from the blastocyst being in a narrow 
furrow, persists until after the neurula stage, 
at which time the body axis straightens. 

In all of these laboratory animals, the 
hypoblast (yolk sac endoderm not sur- 
rounded by splanchnic mesoderm) expands 
precociously, and becomes apposed to the 
trophoblast (Fig. 3.15). Together this pair of 
epithelial membranes is called a bilaminar 
omphalopleure. Mesoderm does not invade 
this zone of apposition. 
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Figure 3.14. The developing mouse embryo at A, 4.5 days; B, 5.5 days; and C, 7 days of gestation. 
In A the epithelial lining of the uterine crypt has been eroded. B and C show the egg cylinder stage. 
Note the formation of the ectoplacental cone and the bilaminar omphalopleure. The embryo is folded 
so that the cranial and caudal ends of the neural plate are close together. (Redrawn after GD Snell, 
1941.) 
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Figure 3.15. The 71!2-day mouse embryo, 
shown in a median view. Neurulation is occurring 
at this time, and the vascular allantoic mesoderm 
is expanding. (Redrawn after GD Snell, 1941.) 


Continued expansion of the extraem- 
bryonic endoderm results in a collapse of 
the yolk sac, which brings the opposite layer 
of endoderm onto the bilaminar omphalo- 
pleure. In rabbits the latter then degenerates, 
leaving the single layer of everted endoderm, 
which is accompanied by splanchnic meso- 
derm, directly in contact with maternal uter- 
ine tissues. This is now called an inverted 
yolk sac placenta (Fig. 3.16). 

In most rodents an acellular remnant of 
the trophoblast called Reichert’s membrane 
persists between uterine blood and the in- 
verted yolk sac. In the guinea pig, the in- 
verted yolk sac forms precociously by an 
early loss of trophectoderm and replacement 
by the single layer of original delaminated 
yolk sac endoderm. 

An inverted yolk sac placenta is not the 
same as a choriovitelline placenta, which 
occurs when the splanchnic mesoderm-cov- 
ered yolk sac endoderm becomes apposed to 
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Figure 3.16. The mouse fetus and extraem- 
bryonic membranes at midterm. The bilaminar 
omphalopleure has degenerated except for an 
acellular remnant, Reichert'S membrane. This 
leaves the inverted yolk sac in contact with ma- 
ternal tissues. The discoidal chorioallantoic pla- 
centa is well developed. 


the chorion. Such an arrangement is seen 
around the edge of the yolk sac in these 
laboratory animals. 

The inverted yolk sac placenta is the prin- 
cipal mediator of nutrient transfer during 
the major stages of organogenesis in rodents 
and lagomorphs. Many studies have shown 
that the physiological properties of this pla- 
centa are significantly different from those 
of the chorioallantoic placenta, which forms 
later in rodents as a result of invasion of 
allantoic splanchnic mesoderm beneath the 
chorion. Thus, while rodents are usually the 
animal of choice as a first test for possible 
teratogenic effects of a new drug or food 
additive, they cannot safely be used as the 
only animal model. 

The amnion is free from any attachment 
to the adjacent chorion in these laboratory 
animals. The allantoic vesicle is rudimen- 
tary. Shortly after contact is made between 
the lining of the uterine crypt and the bilam- 
inar omphalopleure, large, so-called giant 
cells, derived from trophoblast initiate ero- 
sion of the uterine tissues, including the 
vascular endothelium. Thus, beginning at 
the inverted yolk sac stage, a hemochorial 
relationship 1s established. 
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Later, a tuft of vascularized splanchnic 
mesoderm grows out of the caudal part of 
the embryo and attaches to the somatic mes- 


' oderm of the chorion overlying the embryo 


adjacent to the ectoplacental cone. As a 
result of both the uterine decidual reaction 
and growth of the embryo, the lumen of the 
uterus becomes occluded. Following fusion 
of the two apposed endometrial layers, the 
ectoplacental tissue and allantoic vessels in- 
vade the mesenteric uterine wall, as shown 
in Figure 3.17. Together they form a discoid 
placentome. Thus, a hemochorial, chorioal- 
lantoic placenta is also established. This re- 
gion has a labyrinthine vascular network. 
Subsequently, endometrial tissues grow be- 
neath the yolk sac placenta, and a new uter- 
ine lumen is established. 

In summary, lab rodents and rabbits es- 
tablish two types of hemochorial placentas, 
an inverted yolk sac and, later, a discoidal, 
labyrinthine chorioallantoic placenta. Dur- 
ing early stages of nidation, lab rodents are 
arched ventrally (hyperextended), and do not 
straighten until neurulation is completed. 
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MALFORMATIONS AND 
DYSFUNCTIONS 
Hydrops 

Occasionally, excessive amounts of fluid 
accumulate in either the amniotic or allan- 
toic cavity. This is termed a hydrops condi- 
tion. Hydrops of the amnion (hydramnios) 
with increased fluid volume of 8-10 times 
normal is usually associated with some fetal 
malformation that interferes with its ability 
to swallow. The condition develops gradu- 
ally during the last few months of gestation. 
Hydrops of the allantois, hydrallantois, with 
10-40 times the normal allantoic fluid vol- 
ume (up to 50 gallons), is more often asso- 
ciated with some disease of the placenta, 
causing a vascular disturbance in the endo- 
metrium and/or chorioallantois. Hydrallan- 
tois may occur anytime during mid or late 
gestation and may progress rapidly, requir- 
ing prompt diagnosis and treatment. 


Amniotic Bands 
Neonates are occasionally presented 
either with parts of the amnion attached to 


Mesometrium 


Figure 3.17. Schematic transverse sections through the uterine tube of the mouse to illustrate the 
extensive decidual reactions in this tissue and subsequent occlusion of the uterine lumen. At later 
stages the chorioallantoic placenta will develop on the mesenteric side of the uterine tube, and a 
lumen will be reformed antimesenterically. (Redrawn after GD Snell, 1941.) 
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embryonic structures, most commonly the 
central nervous system or limbs, or with the 
distal parts of appendages showing evidence 
of chronic constriction. These result from 
amniotic folds or fibrous bands of amnion 
becoming incorporated into or entwined 
around embryonic structures. Affected 
limbs may be partially amputated if the fi- 
brous amniotic bands form complete con- 
strictions. 
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The preceding chapters have described the 
formation of a multicellular blastula from a 
single-celled zygote, and the transformation 
of this blastula first into a trilaminar gastrula 
and then into a young embryo that has many 
recognizable vertebrate characteristics. The 
experiments presented in this chapter intro- 
duce some of the mechanisms by which 
these complex, integrated events are con- 
trolled. With only minor variations these 
mechanisms operate during the formation 
and initial differentiation of all organs in the 
vertebrate embryo. 


DEFINITIONS 


The following processes operate during 
early developmental stages. 


Growth 


Growth is an increase in the size or num- 
ber of cells in the whole or any part of the 
organism. During cleavage stages, blasto- 
meres divide rapidly but there is little or no 
net increase in the volume of the embryo 
because the size of the blastomeres becomes 
progressively reduced. With the onset of gas- 


trulation and, especially in mammals, the 
formation of extraembryonic membranes, 
the size of the organism increases greatly. To 
a large extent this is brought about by 
spreading of epithelial sheets (Fig. 4.1.4) and 
dispersal of mesenchymal populations. Later 
in development growth occurs also by the 
deposition of extracellular materials, such as 
the matrices surrounding chondrocytes and 
osteocytes, or by the formation of cell spe- 
cializations such as neuronal processes and 
the myelin sheaths surrounding them. 


Morphogenesis 


Morphogenesis includes any change in 
the shape or location of a cell or tissue. 
Examples of morphogenetic movements dur- 
ing gastrulation are expansion of the epiblast 
and involution at the primitive streak, both 
described in Chapter 2. Neural tube closure, 
heart tube fusion and bending of the cardiac 
loop, and formation of the optic vesicle are 
some of the morphogenetic events associ- 
ated with the neurula stage. In most situa- 
tions morphogenesis involves foldings and 
specializations of epithelial tissues (Fig. 4.1), 
processes which are usually dependent on 
adjacent mesenchymal tissues. 


Patterning 


Patterning is the establishment of pro- 
grammed subsets of cells in proper relation 
to each other and to surrounding. tissues. 
Examples of patterning are the positioning 
of feathers or hair in the skin and of teeth in 
the oral cavity or the locating and shaping 


of bones and muscles in a limb. This process - 


usually occurs prior to overt differentiation 
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Figure 4.1. Morphogenetic changes exhibited by epithelial and mesenchymal tissues during early 
embryonic development. A, epithelial expansion; example: epiblast expansion during gastrulation. B, 
delamination, in which the basement membrane underlying an epithelium breaks down and cells leave 
to become mesenchymal; examples: formation of hypoblast and, later, mesoderm from the primitive 
streak. C, mesenchymal aggregation occurs when subpopulations of cells within a mesenchyme 
become more densely packed together than their neighbors; examples: the initial stages of formation 
of hair, feathers, teeth, and most skeletal tissues. D, placode formation refers to any focal thickening 
of the surface ectoderm, often in response to an underlying mesenchymal aggregation. E, invagination 
is an infolding of an epithelium, and is often the first stage in a more complex morphogenetic 
reorganization. F, branching is a method of rapidly increasing the surface area of an epithelium, as 
occurs during the early development of most secretory glands and the lungs. G, Vesicle formation 
occurs when an invaginated tissue separates from the original epithelium; exampies: development of 
the neural tube and lens. H, evagination is an outward folding or elevation of an epithelium. The optic 
vesicles are evaginations from the prosencephalic walls; also, many specialized tissues of the 
integument, including teeth, will display focal evaginations. 


71 


n 
5 
In 
k 
iul 
pt 
ral 


72 EMBRYOLOGY OF DOMESTIC ANIMALS 


of cells, such as the appearance of keratin or 
enamel proteins in skin or dental epithelia. 
The first visible sign of feather or tooth 
formation is the appearance of discrete con- 
densations in the mesenchyme immediately 
adjacent to the epithelia, followed shortly by 
a focal thickening in the epithelium (Fig. 4.1 
D and E) The positions at which these 
mesenchymal aggregations initially form is 
patterned, not random, and reflects a pro- 
gramming within the mesenchyme. How 
this programming occurs is not known. 

A more complex patterning occurs in the 


development of musculoskeletal systems, 
such as the axial system, the face and jaws, 
and limbs. Shortly after the end of neurula- 
tion, the precursors of forelimb and hind 
limb structures appear as pairs of epithelial- 
covered mesenchymal swellings called limb 
buds, which are located on the dorsolateral 
margin of the embryo (see Figs. 1.3 and 1.6J, 
also Chapter 10). If, as shown in Figure 4.2, 
mesenchyme from the wing bud of a chick 
embryo is removed and replaced with leg 
bud mesenchyme from a duck embryo, a 
limb having the gross appearance of a duck’s 


Normal chick wing development 


C 


KEY 


IILII Chick wing epithelium and mesenchyme 


9690 


BRE Duck leg epithelium and mesenchyme 
e N 


Figure 4.2. Experimental analysis of the roles of mesenchyme and epithelium in patterning of avian 
limbs. In A and B the two components are separated and then recombined; the resulting limbs are 
normal. In C, chick wing epithelium has been combined with mesenchyme from the leg bud of a duck; 


the resulting limb closely resembles a duck's leg. 
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leg develops in the chick thoracic region. 
Thus, the information for patterning of a 
complex set of structures was present in the 
primordium in advance of the formation of 
any particular tissues. 


Cytodifferentiation 

Cytodifferentiation is the complex, often 
tortuous, process by which each cell or cell 
line attains and expresses a stable phenotype. 
This process usually occurs over the course 
of many cell generations, with some of these 
generations of cells expressing intermediate 
characteristics. 

While the terminal stage of cytodifferen- 
tiation is usually easy to define, the starting 
time is problematical. Some workers define 
the onset of cytodifferentiation as the time 
of initial appearance of tissue-specific mac- 
romolecules, such as hemoglobin in a he- 
matopoeitic cell line, neurofilaments in a 
neuron, or amylase in a pancreatic cell line. 
While this definition is adequate for the 
expressive phase of a cell’s development, it 
does not encompass earlier stages, during 
which time a cell may be producing mole- 
cules necessary for its embryonic develop- 
ment but different from those of its final 
phenotype. 

Although the actual genetic events mark- 
ing the onset of cytodifferentiation are not 
known, it is well established that during early 
cleavage stages each of the blastomeres has 
the capability of forming a complete em- 
bryo. This was first shown by Hans Driesch 
near the end of the last century. He placed 
sea urchin embryos at the two-, four-, and 
eight-cell stages in flasks containing sea wa- 
ter and shook them until the blastomeres 
separated from one another. Some blasto- 
meres survived this trauma and, quite un- 
expectedly, gave rise to small but otherwise 
normal sea urchin larvae. Thus, at least 
through the eight-cell stage all blastomeres 
are identical in their ability to form an entire 
organism. The same has recently been 
shown to be true in mammals, and micro- 
surgical separation of blastomeres is being 
used in conjunction with embryo transplan- 
tation to increase the number of progeny 
from selected breeding stock. 


Embryonic cells lose their totipotency 
during early development. Exactly when this 
occurs varies depending upon the species 
and the cell type. In mammals the first visi- 
ble difference between cell types occurs with 
the formation of the morula, at which time 
some blastomeres are located internally and 
are entirely surrounded by surface blasto- 
meres. However, it has been shown that if 
the position of any of these blastomeres is 
experimentally altered, the cell will develop 
in accordance with its new position. In other 
words, all the blastomeres are equipotential 
during early cleavage stages of mammals. 

The same is not true by the blastocyst 
stage. Cells located in the inner cell mass are 
capable of forming trophoblast if their posi- 
tion is surgically altered, but trophoblast 
cells have by this stage lost the ability to 
develop as part of the inner cell mass. By 
the expanded blastocyst stage, only a few 
hours later, inner cell mass cells have also 
become restricted and lost their ability to 
form certain extraembryonic tissues. 

This pattern of gradual, incremental re- 
striction continues as development pro- 
ceeds. Experimental analyses have shown 
that once the three germ layers are formed, 
each has different developmental potentials 
than the others. Shortly thereafter the first 
specific cell lines are delineated, including 
cardiac muscle and blood cells, notochordal 
cells, somites, and neural cells. 

In thinking about these four developmen- 
tal processes one must appreciate that all are 
interrelated and, usually, interdependent. It 
is not the embryo but the embryologist who 
for convenience separates these four aspects 
of development. Consider, for example, the 
development of the mammalian forelimbs. 
Both are the same length but are mirror 
images (growth, morphogenesis). The ar- 
rangements of cartilages and bone, muscles, 
nerves and blood vessels, and specializations 
of the integuments are species-specific but 
at the same time share major features with 
members of the same order, family and class 
(patterning, cytodifferentiation). A genetic 
or teratogenic insult that disrupts any one of 
these processes will inevitably cause second- 
ary alterations in all of them. 
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TISSUE INTERACTIONS 


During the gastrula, neurula, and early 
organogenesis stages, interactions continu- 
ously occur between adjacent tissues. These 
interactions are necessary for the subsequent 
development of one or all of the tissues 
involved. 


Lens Induction 


Shortly after the turn of the century Hans 
Spemann, a German embryologist who later 
received the Nobel prize for his research, 
asked whether the presence of the optic ves- 
icle immediately beneath the surface ecto- 
derm at the future site of lens formation 
(Fig. 1.6F) was in some way necessary for 
the lens to form. This was, in fact, the first 
time that the possibility of a causal relation- 
ship between two events was investigated. 
He tested his theory by removing the optic 
vesicle from an amphibian embryo before it 
contacted the presumptive lens-forming sur- 
face ectoderm, as outlined in Figure 4.3. As 


a result, no lens formed at this site. This was 
the first demonstration that the action of 
one tissue, or at least its physical presence, 
is necessary for the development of another 
tissue. The mechanism underlying this phe- 
nomenon was called induction, and the the- 
ory of inductive tissue interactions has been 
an essential concept in development ever 
since. 

More recently it has been found that the 
optic vesicle is not the only tissue to influ- 
ence the presumptive lens epithelium. Dur- 
ing amphibian gastrulation the presumptive 
lens epithelium is underlain first by endo- 
dermal cells that will form the pharynx, and 
later by presumptive cardiac mesoderm that 
is shifting towards the ventral midline. To 
investigate whether these tissues in any way 
affect the development of the presumptive 
lens epithelium, each of these tissues was 
recombined in vitro with this area of surface 
ectoderm. 

The results, outlined in Table 4.1, illus- 
trate two important aspects of tissue inter- 


Figure 4.3. Examination of the possible role of the optic vesicle in formation of the lens. A shows 
the normal relationship between these two structures; the lateral wall of the optic vesicle invaginates 
at the same time as the lens placode invaginates, approximately a day after close contact between 
the two tissues is established. At B the optic vesicle was removed prior to having contacted the 
surface ectoderm; as a result, no lens forms. If the optic vesicle is placed at an ectopic site, as shown 
in C, an ectopic lens will form. (Redrawn from Wessells NK: Tissue Interactions and Development. 


Menlo Park, CA. Benjamin, 1977.) 
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Table 4.1. 
Tissue Interactions Affecting Lens 
Development? 


Percentage of 
Tissues in culture cases in which 
lenses formed 
PLE? alone 0 
PLE + optic vesicle 28 
PLE + pharyngeal endoderm 31 
PLE + heart mesoderm 14 
PLE + endoderm + heart mes- 42 
oderm 
PLE + heart mesoderm + optic 71 
vesicle 


a After Jacobson A, 1966 and personal commu- 
nication. 
? PLE, presumptive lens epithelium. 


action. First, inductive interactions are not 
a singular event, but rather a series of events. 
Frequently the effects of these interactions 
are cumulative. Second, inductive interac- 
tions may occur long before the final expres- 
sion of a cell’s phenotype. In most cases the 
molecular effects of each interaction in a 
sequential series are unknown. 


Skin 


The integument has been a useful tissue 
with which to study tissue interactions, be- 
cause the structures formed by the ectoder- 
mal epithelium vary markedly from one re- 
gion to another. In birds these include dif- 
ferent types of feathers, scales on the legs 
and feet, the beak, the comb and the wattle. 
The results of recombining embryonic der- 
mal mesenchyme from one region with sur- 
face ectoderm of a different site are sum- 
marized in Figure 4.4. The structures formed 
by surface ectoderm are those appropriate 
to the original location of the underlying 
mesenchyme. These data reveal that not 
only is the pattern of epithelial differentia- 
tion controlled by the underlying mesen- 
chyme, as discussed under Definitions, but 
also the types of structures formed. 

The range of specialized cell types that 
surface ectoderm is capable of forming is 
restricted both by its ontogenetic and phy- 
logenetic histories. It will not, for example, 
form kidney (mesodermal) or intestinal (en- 
dodermal) type cells when grafted adjacent 


to the appropriate inducing tissues. These 
capabilities have been lost during earlier 
stages. Furthermore, it is not capable of 
forming tissues not within its genetic reper- 
toire. Avian ectoderm will form rudimen- 
tary feathers but not hair when cocultured 
with mammalian dermis. 

A most startling and controversial excep- 
tion to this is the reported ability of avian 
oral epithelium to form enamel-producing 
tooth tissues when grafted adjacent to mouse 
oral mesenchyme. These data suggest that 
modern birds have retained the genes coded 
for enamel proteins for over 100 million 
years, and that the inductive stimuli ema- 
nating from murine oral mesenchyme can 
elicit this long-quiescent response. 


Gut 


Many tissue interactions are less consist- 
ent than those affecting surface ectoderm. 
Endoderm forms the lining of most of the 
gut and associated organs and, beginning at 
gastrulation, is surrounded by splanchnic 
mesoderm. If the primordium of the pan- 
creas, which develops from gut endoderm 
immediately caudal to the stomach, is iso- 
lated from mesenchyme it fails to undergo 
morphogenesis (branching) and cytodiffer- 
entiation (appearance of amylase and insu- 
lin-secreting cells). When either pancreatic 
mesenchyme or that from some other gland, 
such as the lung or salivary gland, is com- 
bined with the epithelial rudiment, normal 
pancreatic. development occurs. Both the 
pattern of branching and the type of cyto- 
differentiation of the epithelial tissue is char- 
acteristically pancreatic, i.e. these properties 
are programmed within the endodermal tis- 
sue. 

The development of most internal, glan- 
dular organs has been examined using these 
methods. In a few cases, including the lung, 
stomach and mammary gland, heterologous 
mesenchyme can alter the normal course of 
epithelial differentiation. For example, avian 
gizzard epithelium combined with proven- 
tricular (gastric) mesoderm will develop gas- 
tric glands, which indicates that mesoderm 
can alter the programming of endodermal 
tissues in certain situations. The importance 
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Figure 4.4. Analysis of interactions between dermal mesenchyme and epidermal epithelium in the 
development of integumentary structures. In series A, explants containing both mesenchyme and 
overlying epithelium were explanted, and they subsequently developed features appropriate to the 
location from which they were originally taken. In series B, mesenchyme from one region was 
combined with epithelium from another. In all cases the pattern of subsequent development was 
directed by the mesenchyme. 
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of these data is 2-fold. First they illustrate 
the broad range of phenomena encompassed 
by the term inductive tissue interaction. In 
some instances the mesenchyme appears to 
direct or instruct the developing epithelial 
component; in others it plays a permissive 
role. In many situations there is a reciprocal 
exchange between adjacent tissues. 

The second important message from these 
results is that at the stages during which 
many of these interactions are occurring, 
one, and possibly both, of the components 
are already programmed. In the case of the 
integument, the dermal mesenchyme con- 
tains necessary information to pattern itself 
and the overlying ectoderm. In the case of 
the pancreas, one specific part of a cytolog- 
ically homogeneous endodermal tube was 
specified to form a pancreas, and would 
develop as such so long as there was an 
environment that was permissive. In other 
words, some parts of the gut endodermal 
tube are inherently patterned, most of the 
surface ectoderm is not. Clearly, these inter- 
actions do not represent the initial step in 
the development of either the skin or the 
gut. Rather, they are but one of a series of 
programming events, a series that must have 
begun at earlier stages of development. 


Primary Induction 


Primary induction refers to events occur- 
ring during blastula and gastrula stages that 
lead to the formation of axial tissues (neural 
plate, paraxial mesoderm, notochord). The 
term dates back to the early 1920s and an 
experiment performed by Hilda Mangold, a 
graduate student working with Spemann. 
She transplanted pieces of tissue between 
two species of salamander embryos, one 
whose cells contained granules of pigment 
and one without pigment granules. This al- 
lowed her to histologically distinguish donor 
from host tissues in the chimeric embryo. 
The tissue to be transplanted was excised 
from the edge of the blastopore, which is a 
region homologous to the primitive node of 
a bird or mammal gastrula. As shown in 
Figures 4.5A and 4.6 it was implanted into 


the blastocoel of a host embryo, where it 
subsequently became apposed to the ventral 
wall of the abdomen. 

The results of this elegant experiment, 
illustrated in Figure 4.5 B and C, were 2- 
fold. First, the grafted tissue underwent self- 
differentiation; the transplanted cells formed 


‘notochord, somite and spinal cord tissues, 


the same as they would have done had they 
not been transplanted to an ectopic (dis- 
placed) location. These results indicate that 
cells originally located adjacent to the blas- 
topore are already programmed to develop 
along specific pathways of development. 

The second and more remarkable result 
was that the adjacent host tissues, which 
normally would have formed the ventral 
wall of the abdomen, developed into an 
ectopic but complete axial system, including 
a neural tube, spinal ganglia, somites, inter- 
mediate mesoderm, and even a second gut. 
Al these structures develop as a result of 
placing a fragment of presumptive noto- 
chordal and adjacent tissues into the blas- 
tocoel. 

This experiment, more than any other 
single discovery in embryology, changed the 
course of developmental research. Spemann 
called the implanted piece the “organizer” 
because it clearly altered the growth, mor- 
phogenesis, patterning and cytodifferentia- 
tion of all surrounding tissues. It was soon 
discovered that structures characteristic of 
different axial levels (forebrain, hindbrain, 
spinal cord, etc.) could be obtained if cells 
rimming the blastopore were excised and 
transplanted at different stages. This is anal- 
ogous to excising the avian node region at 
different stages of primitive streak elonga- 
tion and regression. 

There followed an intense pursuit to pur- 
ify and identify the organizer. One group got 
positive results implanting proteins into 
the blastocoel, another claimed to prove that 
it was a nucleic acid, and others got partial 
responses by implanting toxic substances 
into the blastocoel. Another student of Spe- 
mann’s implanted a piece of boiled blasto- 
pore tissue into the blastocoel and got a 
positive reaction. This led to the very in- 
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Figure 4.5. The “Organizer” experiment performed by Spemann and Mangold. A shows the design 
of the experiment, in which a piece of the dorsal edge of the blastopore was grafted from a pigment- 
rich donor to the blastocoel of an unpigmented host. B is a lateral view and C a transverse section 
at the region indicated showing the results of this transplant. In C the normal host axial structures 
are on the left. On the right is a complete supernumerary set of axial structures. Some of these are 
formed by grafted (pigmented) cells; others, however, have developed from host tissues that would 
normally have formed only superficial ventral abdominal tissues. 


sightful but often ignored statement, “A 
dead organizer is a contradiction in terms.” 
(Spemann, 1938). 

Only in the past few years has the impor- 
tance of this last experiment become recog- 
nized. The information to form a neural 


tube, somites, etc., resides not in the stimu- 
lus, but is an inherent component of the 
responding tissues. Belly ectoderm and mes- 
oderm do not form ectopic spinal cord and 
somite tissues because they are instructed to 
do so, but because they are permitted to do 
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Figure 4.6. An experiment similar to that shown in Figure 4.5, but performed in avian embryos. The 
results are comparable. (From BM Patten and B Carlson, 1974, based on the work of CH Waddington 


and GA Schmitt, 1933.) 


so, i.e. these ventral tissues have the same 
programming as do dorsal axial tissues but 
they normally do not express it. Only the 
particular regional characteristics of the re- 
sponse depend upon information within the 
stimulus. 

Putting these data into the context of nor- 
mal embryogenesis, it is clear that during 
the morphogenetic movements described in 
Chapter 2 (blastulation, gastrulation) there 
also occur interactions between developing 
surface epiblast and underlying mesen- 
chyme, particularly the primordia of the no- 
tochord and paraxial mesoderm. As a result 
of these interactions one part of the surface 
ectoderm becomes uniquely programmed to 
form neural tissue, with various craniocau- 
dal regions specified. Paraxial mesoderm be- 
comes committed to form metameric som- 
ites, and the mesoderm in the midline con- 
denses to form notochord. The subsequent 
development of the nervous, muscular and 
skeletal systems depends largely upon these 
early interactions. The molecular basis for 
the programming and expression of these 
morphogenetic and patterning processes, 
which are fundamental features in the de- 
velopment of all vertebrates, is unknown. 
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CONGENITAL MALFORMATIONS 


Congenital defects are those abnormalities 
present at birth that result from errors arising 
during development. Malformations of 
neural, muscular and reproductive systems, 
which are often not manifest until later in 
life, are also included in this term. Under- 
standing congenital malformations goes be- 
yond identification and, when possible, 
treatment. It involves knowing the nature of 
the primary embryonic lesion and attempt- 
ing to deduce the cause of the defect. This 
latter is not just a matter of curiosity; breed- 
ers of companion animals and valuable, of- 
ten artificially bred, livestock are anxious to 
quickly identify any heritable or environ- 
mentally (i.e. drug, plant, virus, pesticide) 
induced malformation. For example, if the 
owner of a herd of prized purebred cattle 
has a number of calves born with signs 
attributable to cerebellar abnormalities, it is 
crucial to quickly determine if this congen- 
ital defect is inherited or the result of an in 
utero infection. The purpose of this chapter 
is to introduce the concepts underlying the 
study of congenital malformations; each of 


the following chapters will present specific 
examples. 

Precise data regarding the frequency of 
congenital malformations in domestic ani- 
mals are not available. In one study (Table 
5.1) 1.2-5.9% of the animals studied ex- 
hibited a birth defect. These data do not 
include aborted fetuses, nor is the incidence 
of unreported malformations known. 


HEREDITARY FACTORS 


Embryonic development is an interplay 
between the genome, which needs to be 
highly conservative to maintain species-spe- 
cific characteristics, and epigenetic factors 
that create individual differences in many 
quantitative structural features and meta- 
bolic "pathways. Epigenesis includes all 
changes in an embryonic cell brought about 
by interactions with cells and molecules sur- 
rounding it. As described in the preceding 
chapter, some of these interactions may sub- 
sequently affect the genetic programming of 


Table 5.1. 
Incidence of congenital malformations? 
System Dog Cat Cattle Horse 

Musculo- 29.0 24 2.4 8.0 
skeletal 

Urogenital 5.0 13. 96 2041 

Cardiovascular 3.5 0.8 1.2 0.3 

Gastro- 2.2 0.4 1.8 1.5 
intestinal 

Sense organs 8.2 1.3 1.2 1.3 

Neurologic 1.7 17 1.8 1.7 

Other defects 9.7 43 13.7 10.7 

TOTAL 59.3 122 31.7 4386 


* Data presented as incidence per 1000 births, 
based on a 5-yr survey of 137,717 patients at 
ten North American veterinary clinics. (From WA 
Priester, et al., 1970.) 
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the cell. Because of the complexity of devel- 
opmental processes, many aspects of embry- 
ogenesis require multiple, sequential gene 
function. Processes such as limb and facial 
morphogenesis, brain and spinal cord devel- 
opment, and probably most other examples 
of organogenesis are under polygenic con- 
trol. Features in which identified single genes 
exert a known effect include pigment colors 
and patterns, and the synthesis of major 
proteins such as hemoglobin, some immu- 


noglobulins, collagen, the components of 
myelin, and intermediary metabolic en- 
zymes. 

Simple dominant and recessive genes can 
often be identified if pedigree records detail- 
ing several generations are available, al- 
though test matings are usually necessary to 
prove the mode of transmission. The expres- 
sion of deleterious genes, especially those 
that are recessives, is increased in highly 
inbred lines. 


CASE HISTORY: WEAKNESS IN TIBETAN MASTIFF PUPPIES 
Signalment: Several 10- to 12-week-old Tibetan Mastiff puppies presented with a chief 


complaint of progressive weakness. 


History: The onset of weakness began between 7 and 10 weeks and was progressive. 
These pups were from different litters, each of which contained several normal, healthy 


animals. 


Physical Exam: The affected pups were weak and showed marked hyporeflexia and 
muscular hypotonia. Most became recumbent within a few days. Some of these 
recovered, but were chronically weak and displayed a shuffling, plantigrade walk. There 


was no detectable loss of pain perception. 


Ancillary Tests: The nerve conduction velocities of the tibial and ulnar nerves were 
measured, and found to be reduced by approximately 40% in affected pups. These 
nerves were examined using the electron microscope and found to show widespread 


loss of the myelination sheath. 


Pedigree: Over a 3-yr period 10 litters containing 15 affected and 47 normal pups had 
been produced in one kennel. Breeding records indicated that affected pups were 
produced by breedings involving three sires and five dams, all of which were clinically 
normal. The ratio of normal-to-affected pups was 3:1. < 

Conclusion: This neuropathy in Tibetan Mastiffs is inherited as an autosomal recessive 
trait in which the Schwann cells are unable to form or maintain a stable myelin sheath. 


More common and much more difficult 
to precisely identify are incomplete domi- 
nants. These typically produce a range of 
severities, some of which may appear quite 
different from one another. Often the 
expression of one gene is modified by other 
gene products. This process also results in a 
range of phenotypes, a phenomenon called 
variable expressivity. The frequency with 
which the phenotypic characters regulated 


by an incomplete dominant gene are present 
in each offspring is a measure of the pene- 
trance of the gene. 

Many genes have several different effects, 
a situation called pleiotropy. Examples of 
pleiotropic effects include genes whose prod- 
ucts act to regulate the transcription of other 
families of genes, or those that produce part 
of a hormone receptor complex found on 
many different types of cell. 


CASE HISTORY: CRANIOFACIAL DEFECTS IN BURMESE CATS 
Signalment: Two normal-sized kittens (one male and one female) born to a healthy 
Burmese queen died within a day of birth due to severe head malformations. 


History: Three littermates are normal. Both the queen and tom had been bred previously 
without difficulty, but a sibling of the male had sired a litter that also contained fetuses 


with a similar malformation. 


Physica] Exam: Both kittens had severe encephalocele of the forebrain (brain greatly 
enlarged and protruding through a schisis in the calvaria), no eyes or snout, and four 


whisker pads (see Fig. 9.29). 


Pedigree analysis: Both parents were contemporary-look (Eastern) Burmese cats, which 
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are characterized by a rounded head, heavy eyelids and brows, and a shortened, broader 
snout. In contrast, the traditional-look Burmese have a more triangular face. The 
pedigree of these two kittens, organized by phenotype, is shown in Figure 5.1. 

Conclusions: The contemporary phenotype results from variable expressivity of an 
incomplete dominant gene. The mating of two contemporary-look Burmese, regardless 
of the severity of their expression, is likely to produce litters in which between 25 and 
40% of the kittens are malformed. The malformation has never appeared in outcrosses. 
Thus, the malformation is a severe expression of the same incomplete dominant that 
causes the contemporary phenotype. All contemporary-look cats are carriers. 


The presence in both parents of genetic 
factors correlated with the changed facial 
morphology in these cats causes a subtle 
change in the initial formation and pattern- 
ing of the rostral neural tube and overlying 
mesenchyme (discussed in Chapter 9). The 
basis for this range of phenotypes and also 
the occasional appearance of litters free of 
malformed neonates despite both parents 
having the contemporary phenotype is not 
known, but such variability is common with 
incomplete or codominant genetic traits. 

This example illustrates the difficulty in 
making accurate assessments of the cause of 
a malformation and providing genetic coun- 
selling unless extensive pedigree data are 
available. However, the Burmese story is 
unique in that introduction of an altered 


same 

as fı 
Figure 5.1. Typical breeding record for Bur- 
mese cats. Matings of traditional (7) with contem- 
porary (C) phenotypes produces litters containing 
a range of facial phenotypes (small to large Cs 
represent increasingly rounded heads and 
shortened snouts). Thus, the contemporary phe- 
notype segregates as an incomplete dominant 
trait with variable expressivity. Crossing of two 
contemporary-look cats produces a litter in which 
there is a high probability that 25-40% of the 
offspring will have the lethal craniofacial malfor- 
mation (X) described in the text (see Figure 9.29). 


genotype into this already highly inbred line 
happened to produce a phenotype that was 
viable and made the animals more appealing 
to owners and prized by judges. These car- 
riers were rapidly introduced across the 
country before full awareness of the devas- 
tating consequences of carrier X carrier mat- 
ings were known. 

There are many instances in which a spe- 
cific congenital abnormality will occur with 
higher-than-average incidence in a specific 
breed of animal, but is not attributable to 
an identifiable single-gene defect. Examples 
of these polygenic characters, which are of- 
ten called a breed predilection, include hip 
dysplasia 1n some large breeds of dog and 
patent ductus arteriosus in the poodle. Sim- 
ilarly, many traits will show a familial pat- 
tern of inheritance. For example, several 
reports have described an increased predis- 
position to develop left displaced abomasum 
in the descendents of a particular bull. Only 
through extensive test matings can the mode 
of inheritance be defined in most of these 
cases. 


PRINCIPLES OF TERATOLOGY 


The possibility that extrinsic influences 
ranging from dietary factors to “evil spirits” 
might affect embryogenesis has been recog- 
nized for centuries. However, it is only in 
the past few decades that the study of in- 
duced birth defects, teratology (teras = mon- 
ster), has been established as a scientific 
discipline. This was prompted by two dis- 
coveries: first, the deleterious effects of hypo- 
and hypervitaminosis A on pig and rodent 
embryos. Then, in the early 1960s, it was 
discovered that severe limb defects in hu- 
mans resulted from maternal ingestion of 
the sedative thalidomide during days 20-35 
of embryonic development. Since then the 
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list of known and suspected teratogens has 
grown considerably. This section will discuss 
the general ways in which extrinsic factors 
may affect development, following which 
specific examples will be presented. 


Maternal-Placental-Fetal Interactions 


Some potentially harmful factors are 
transmitted directly to the embryo; these 


Figure 5.2. Ankylosis (stiffening of joints) of the 
elbow joint in lambs born to a ewe that was 
treated with gamma irradiation on day 22 of 
gestation, at which time the embryos would have 
been 6- to 7-mm long and the primordia of the 
forelimbs have just begun to develop. (From BH 
Erickson and RL Murphree, 1964, courtesy of 
the American Society of Animal Science.) 


Table 5.2. ; 
Effects of dioxin on ferret development 


include radiation (Fig. 5.2), many viruses, 
some steroid hormones, and most low mo- 
lecular weight compounds such as vitamins, 
metabolic cofactors and their antagonists, 
ethanol, and heavy metals. However, many 
agents that enter the mother are modified 
by her digestive organs or by the placenta. 
As a result, the actual embryopathic agent 
may be a catabolic by-product of maternal 
metabolism. Many suspected mutagens, for 
example the antineoplasia drug, cyclophos- 
phamide, and some carcinogens, fall into 
this category. Other compounds activate 
maternal metabolic enzymes which, at high 
levels, produce toxic intermediates. This cat- 
egory includes phenobarbitol and related 
barbiturates, and dioxin, a highly teratogenic 
compound that was a contaminant in the 
phenoxyacetic acid defoliant called Agent 
Orange. 

Table 5.2 summarizes the results of a 
study conducted to test the teratogenicity of 
dioxin (TCDD; 2,3,7,8-tetrachlorodibenzo- 
p-dioxin) in ferrets. At all doses tested this 
agent was embryotoxic, often killing an en- 
tire litter. At doses above 20 ug/kg, the agent 
also compromised the health of the mother, 
producing weight loss and alopecia (hair 
loss). A range of craniofacial defects were 


Condition Control 10 pg/kg? 13.5 ng/kg? 20 ug/kg* 30 pg/kg? 
Number of animals 9 1 5 8 9 
Average maternal weight +29 +29 —89g —27 g —58g 
change 
Number of litters with 0 1 5 5 3 
malformations 
Number of litters with 4 1 5 7 9 
dead fetuses 
Total number of fetuses 86 12 58 101 66 
Number of malformed fe- 0 9 (75%) 6 (10.3%) 18 (17.896) 6 (9.196) 
tuses 
Number of dead fetuses 7 (8.1%) 3 (25%) 52 (89.7%)  80(79.2%) 60 (90.996) 
MALFORMATIONS 
Palatoschisis 0 9 3, 4, 2, 1, 3° 4° 1, 4, 3° 
Open eyelids 0 9 4,1,6,1,3 2 1,4,2 
Anasarca 0 7 5,1,5,1,3 1,5 1,1,2 
Brachygnatha 0 0 2,1,5,2 5 1,1,2 
Imperforate anus 0 0 0 0 1,1 


? Single injection, day 18 
? Two injections, days 18 and 20 


* Each number represents the number of cases in one litter. 
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seen at all doses used; in addition the fetuses 
showed severe anasarca (edema). 

Some heavy metals also cross the placenta. 
The best defined of these is mercury, which 
in its organic form (methyl mercury) induces 
a range of congenital defects in humans, 
laboratory and domestic animals (Fig. 5.3). 
In man, neurological deficits and an in- 
creased incidence of stillborn result from 
maternal exposure. Mercury causes brachy- 
gnatha (shortened jaws), scoliosis (lateral de- 
viation or twisting of the vertebral column) 
and hypoplasia (reduced growth) of the kid- 
ney, gonad and spleen in ferrets. 

Conversely, deficiencies of some maternal 
metabolites can cause developmental anom- 
alies. The best characterized include vita- 
mins A, E and Bg, riboflavin, folic acid, and 
several cations (copper, magnesium, man- 
ganese, selenium, zinc). Both hypo- and hy- 
pervitaminosis A induce defects during the 
closure of the neural tube in several species, 
resulting in eye, brain and heart defects. 

A few agents have been described that 


Figure 5.3. This illustrates the effects of methyl 
mercury on development of the ferret. A shows 
a 35-day fetus with severe exencephaly and sec- 
ondary facial dysmorphologies. B is a neonate 
that has been cleared and stained to reveal os- 
sified tissue. Note the misalignment of the thora- 
columbar vertebrae, a condition called scoliosis. 


produce fetal death by attacking the pla- 
centa. For example, brucellosis, a bacterial 
(Brucella abortus) infection, can have a dev- 
astating abortive effect in a herd of cattle. 
Other organisms, including Leptospira and 
Campylobacter also induce abortion in in- 
fected cattle. In addition, the toxoplasma 
protozoan and certain Aspergillus fungi 
compromise the placenta. 

Species differences in placental transport 
function are critically important in attempt- 
ing to extrapolate the results of drug tests 
performed on laboratory animals to domes- 
tic animals and humans. For example, tha- 
lidomide is not teratogenic in rodents, is 
noxious only at high doses in rabbits and 
most mammals, but is highly teratogenic at 
low doses in primates, in which it induces a 
range of severe limb defects (see Chapter 
10). Thalidomide administered to pigs dur- 
ing weeks 2-6 of gestation causes an abnor- 
mal coiling of the colon but no skeletal 
defects. Conversely, acetylsalicylic acid (as- 
pirin) is an extremely potent teratogen in 
rodents but not in primates. At high doses 
(400 mg/kg body weight/day) aspirin can 
induce cleft palate, facial and tail shortening 


and cardiovascular defects in the dog, but 


these levels also cause severe gastrointestinal 
lesions in the mother. 

The metabolism and physiology of the 
embryo differ from those of the mother and 
are continually changing. This means that 
some agents readily broken down by the 
mother can accumulate to toxic levels in the 
fetus. The rapidly growing embryo is espe- 
cially sensitive to agents that interfere with 
DNA synthesis, which explains the terato- 
genic effect of most alkylating and other 
antimitotic drugs (Table 5.3). 


Critical Periods 


The time during which each organ system 
in the body is being established, when oblig- 
atory inductive tissue interactions and mor- 
phogenesis are occurring, is called the criti- 
cal period for that system. Generally, it is at 
this stage that the tissues are most sensitive 
to disruption by exogenous factors (see Fig. 
10.1, limb, and Fig. 12.1, heart critical pe- 
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Table 5.3. 


Teratogenic medications and drugs 


Agent 


Function 


Systems affected 


Cyclophosphamide 
Folic acid antagonists (ami- 


Antimitotic (alkylating agent) 
Antimitotic (alkylating agent) 


Embryotoxic: rodents 
Embryotoxic: dogs, sheep 


nopterin, pyrimethamine) Antiparasitic 
Hydroxyurea Antimitotic Embryotoxic: dogs, sheep 
Antiprotozoan 

Tetracycline Antibiotic Teeth, skeleton: all species 

Griseofulvin Antifungal Head, brain, palate, skeleton: 
cats, dogs, horses 

Parbendazole Antiparasitic CNS, kidney, skeleton, limbs: 
lambs 

Metrifonate Antiparasitic Cerebellar hypoplasia: pig 

Corticosteroids Steroid hormone Palate, limbs, edema: several 
species 

Androgen Steroid hormone Masculinization: all species 

Methallibure Estrus synchronization Limb and head defects: pig 

Phenytoin (phenylhydantoin) Anticonvulsant Cleft palate: cats 

Hydroxyzine Sedative Embryotoxic: dog 

Thalidomide Sedative Growth retardation: dog 

Intestinal defects: pig 
Vitamin A Essential metabolite Neural tube, heart, limbs 


riods). As illustrated in Figure 5.4, critical 
periods for most structures occur during the 
first few weeks of development. Agents that 
disrupt blastula and gastrula stages, or inter- 
fere with normal apposition to the uterine 
mucosa, are usually embryotoxic and induce 
early abortions. However, beginning at the 
neurula stage it is more probable that only 
one or a few systems will be affected. 

Often an induced lesion in one system will 
result in secondary malformations in other 
structures. This 1s especially true for defects 
of the central nervous system and heart. For 
example, as will be discussed in detail in 
Chapter 9, the programming of most facial 
mesenchymal and epithelial tissues is de- 
pendent upon interactions between these 
and the underlying forebrain and eyes, 
which are themselves programmed during 
gastrulation as a result of interactions be- 
tween the neural plate and underlying mes- 
oderm. Chemical disruption of these tran- 
sient interactions can produce a wide range 
of facial dysmorphologies, depending on the 
exact time, dose and target tissue. Possible 
defects include severe reductions, as exem- 
plified by cyclopia (see Figs. 1.3 and 9.28), 
patterning defects such as described in the 
Burmese cat earlier in this chapter, and rel- 
atively slight deviations from normal devel- 


opment, e.g. the fetal alcohol syndrome that 
has been reported in humans and laboratory 
animals (Fig. 5.5). This last condition is 
characterized postnatally by reduced head 
size, narrow forehead, a small nose, short 
palpebral fissures, a long, thin upper lip and, 
in humans, mental retardation. Abnormal 
development in these animals can first be 
detected during gastrulation in the presump- 
tive rostral neural plate tissues. 

The central nervous system is sensitive to 
teratogenic insult throughout prenatal and, 
in many species, early postnatal develop- 
ment. As described in Chapter 6, this is due 
to the relatively late stages at which cortical 
neurons in the cerebrum and, especially, the 
cerebellum are formed. In addition, there is 
increasing evidence that many neuroeffec- 
tive drugs (tranquilizers, sedatives, anticon- 
vulsants, antidepressants) are behavioral ter- 
atogens. Some of these bring about irrevers- 
ible restrictions in cognitive and motor de- 
velopment. 


TERATOGENS AFFECTING DOMESTIC 
ANIMALS 


Medications and Drugs 


Most medications used in veterinary prac- 
tice are not harmful to developing embryos. 
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Critical Periods in Cat Development 
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Figure 5.5. Scanning electron micrographs showing the faces of normal (/eft) and ethanol-treated 
(right) 12-day mouse embryos. The experimental group was given injections of ethanol (0.015 ml/g 
Js of a 2596 solution) at 7 days, and at 7 days, 4 hr, gestation. Arrows in the control animal indicate the 
medial nasal processes that are forming medial to the future external nares. Notice that in the treated 
embryo these processes (arrowhead) have developed as a single median swelling. (From KK Sulik 
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Caution should be exercised when prescrib- 
ing cytotoxic drugs such as the antimitotic 
and anthelmintic agents listed in Table 5.3. 
Figure 5.6 illustrates one of the teratogenic 


Figure 5.6. Ventral view of the roof of the oral 
cavity in a neonatal kitten that was born to a 
queen treated orally with 1000 mg/week of the 
antifungal agent griseofulvin starting the day after 
breeding. Note the bilateral cleft palate that ex- 
poses the nasal cavity. 


Table 5.4. 
Common teratogenic plants 


lesions frequently produced following treat- 
ment of pregnant cats with griseofulvin, a 
widely used antifungal medication. 

The safety of antibiotics is controversial. 
In most cases extensive retrospective studies 
of their use in humans have failed to identify 
significant increases in the number of birth 
defects, although several of them are terato- 
genic in laboratory animals. Complicating 
the issue is the fact that hyperthermia, as 
frequently occurs during infection, is itself a 
proven inducer of embryonic malformations 
and death. 


Plants 


Herbivorous animals will ingest many 
plants that contain toxic and teratogenic 
compounds, usually alkaloids. Some of the 
more common of these are listed in Table 
5.4. Plants that are highly toxic to the 
mother are frequently embryotoxic as well; 
these have not been listed. It is not known 
why appendicular tissues (Fig. 5.7) and ver- 
tebrae are the primary targets of these di- 
verse agents: nor, in most cases, has the 
molecular mode of action of these com- 
pounds been identified. 


Viruses 


Once the blastocyst hatches from its pro- 
tective zona pellucida, it is vulnerable to 
attack by viruses. Later, the placenta acts as 


Plant 


Common name 


Affected systems: species 


Astragalus lentiginosus 
Conium maculatum 
Datura stramonium 
Lathyrus species . 
Leucaena leucocephala 
Lupinus sericeus 
Nicotiana species 
Oxytropus species 
Prunus serotina 
Salsola tuberculata 
Sophora sericea 
Thermopsis montana 
Veratrum californicum 
Vicia faba 


Locoweed, poison vetch 
Poison hemlock 

Jimson weed 

Pea 

Mimosine 

Lupine 

Tobacco 

Locoweed 

Wild black cherry 


Silky sophora 

False lupine, yellow bean 
False hellbore 

Common vetch 


Limbs: cattle 

Limbs: cattle 

Limbs: pigs 

Limbs: herbivores 

Multiple: pigs 

Limbs, vertebrae*?: cattle 
Limbs: pigs 

Limbs: cattle 

Limbs, caudal structures: pigs 
Prolonged gestation: sheep 
Limbs, vertebrae’: cattle 
Limbs, vertebrae*: cattle 
Craniofacial: sheep, goats 
Limbs, vertebrae’: cattle 


*Crooked-calf syndrome; all these plants contain similar quinolizidine alkaloids. 
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a protective barrier to some but not all vi- 
ruses. As indicated in Table 5.5, many viral 
infections are toxic to the embryo. Some are 
also stage-specific in their effects. It has been 
found that treating pregnant sows with at- 
tenuated hog cholera virus vaccines pro- 
duces a variety of malformations depending 
on the time of injection. Application be- 
tween days 10-16, which is the gastrula- 


Figure 5.7. A 2-week-old calf born to a cow 
that had ingested hemlock foliage during days 
50-75 of gestation. The forelimbs show ankylosis 
(immobility of a joint) and arthrogryposis (abnor- 
mal limb posture). (From RF Keeler and LD Balls, 
1978, courtesy of Marcel Dekker, Inc.) 


neurula period, is embryotoxic and also in- 
duces defects in limbs, kidneys and facial 
structures. In contrast, injection of the vac- 
cine between 20 and 90 days of gestation 
produces hypoplasia of the cerebellar hemi- 
spheres. A comparable time-response corre- 
lation for bluetongue virus is described in 
Chapter 6, which also discusses the terato- 
genic effects of the bovine diarrhea, Akabane 
and feline panleukopenia viruses. 


SUMMARY 


The best approach when confronted with 
a congenital malformation is to be cautious 
with respect to future breedings or possible 
environmental contamination, but not to be 
alarmist. Most cases will not fit an already 
described inherited pattern for the species 
concerned or be readily attributable to a 
known teratogenic agent. 

Despite the increasing use of complex 
medications and household chemicals, the 
rise of airborn contaminants, and the wide- 
spread application of organic herbicides and 
pesticides, there are very few proven cases of 
congenital malformations or fetal death in 
domestic animals attributable to such influ- 
ences. Similarly, despite the number of sus- 
pected inherited malformations in highly 
inbred strains of domestic animals, only a 


Table 5.5. 
Common teratogenic viruses 
Name Species affected Effects 
Bovine rhinotracheitis Cattle Embryotoxic 
Wesselsbron disease virus Cattle, sheep Embryotoxic, limb defects 
Bluetongue virus Cattle, sheep Brain, spinal cord, limb defects 


Akabane virus 

Bovine viral diarrhea 
Japanese B encephalitis 
Hog cholera virus 


Equine rhinopneumonitis 
Equine encephalitis 
Herpesvirus 2 

Feline panleukopenia 
Rubella 


Cattle, sheep, goats 
Cattle, sheep, goat, pig 
Pig 

Pig 


Horse 

Horse 

Dog 

Cat, ferret 
Monkey, rabbit 


Brain, limb defects 

Brain, eye, skeletal defects 

Embryotoxic 

Embryotoxic, edema, cerebellar de- 
fects 

Embryotoxic 

Limb defects 

Eye, brain defects 

Cerebellar defects 

Heart, eye, brain, skeletal defects 
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few of these have been carefully studied to 
determine the mode of inheritance. 
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NEURON 


The neuron is the parenchymal cell of the 
nervous system. Although they present 
many disparate appearances, all neurons 
have the four basic components shown in 
Figure 6.1. The dendritic zone is the receptor 
region of the cell where most stimuli are 
received and converted into impulses. The 
axon conducts impulses from the dendritic 
zone to the opposite terminal of the neuron 
called the telodendron (telas — end) or axon 
terminal, where the impulse leaves the neu- 
ron. Axons often project in groups or bun- 


dles that collectively form tracts in the cen- 
tral nervous system or nerves in the periph- 
eral nervous system. Impulses are conveyed 
to other cells at specialized sites called syn- 
apses, most of which are located on teloden- 
dria. The neuronal cell body (soma; plural 
= somata) contains the nucleus and cyto- 
plasm that is rich in mitochondria and pro- 
tein-synthesizing organelles. The soma may 
be located anywhere along the axon. 

In a typical spinal motor neuron the soma 
and dendritic zone are close together in the 
ventral region of the spinal cord. The axon 
leaves the spinal cord in an efferent (motor) 
nerve and synapses peripherally on the cell 
membrane of a muscle cell (see Fig. 7.4). 
Most primary sensory neurons are located 
outside of the central nervous system. Their 
dendritic zones are located at the distal end 
of an afferent (sensory) axon, typically in the 
skin or a neuromuscular spindle. Afferent 
axons course towards the brain or spinal 
cord through a peripheral nerve to a spinal 
ganglion (dorsal root ganglion) or cranial 
sensory ganglion. Ganglia are clusters of 
nerve cell bodies located outside of the 
neural tube. Afferent axons pass through 
spinal ganglia without synapsing and enter 
the dorsal part of the spinal cord, where most 
have their telodendria synapse on interneu- 
rons in the gray matter. 

All axons initially arise as outgrowths of 
the neuronal cell body. At the tip of each 
developing axonal fiber is an enlarged 
growth cone (Fig. 6.2) from which many long 
filapodia extend. These processes form and 
retract quickly, often over the span of a few 
minutes. Their activity is necessary for both 


elongation and directed outgrowth of em-. 


bryonic axons. The growth cone and, later, 
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Figure 6.1. Comparative morphology of neurons. A primary sensory neuron, as would be found in a 
spinal ganglion, has its soma located away from the axon; its dendritic zone is in the skin or an 
internal receptor, and its telodendria synapse upon interneurons in the dorsal horn of the spinal cord. 
The interneuron shown is a typical cell from the cerebral cortex. Axons carrying information towards 
the cell soma are studded with postsynaptic receptor sites; similarly, telodendria are scattered along 
all branches of axons carrying information away from the soma. 
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Figure 6.2. The growth cone of an embryonic 
neuron developing on a plastic substratum in 
tissue culture medium. Note the elongated fila- 
podia, one of which is contacting a nearby fibro- 
blast. (Courtesy of Dr. RP Nuttall.) 


telodendron are the primary sites of axonal 
membrane synthesis. Membrane precursors 
along with the enzymes necessary for neu- 
rotransmitter synthesis and other regulatory 
proteins are produced in the soma and de- 
livered to the terminus by axoplasmic trans- 
port. The movement of metabolites, vesicles 
and mitochondria through the axon is bidi- 
rectional and can be very rapid (several cen- 
timeters per hour). 


FORMATION OF THE NEURAL TUBE 


The development of a dorsal thickening 
in the cranial surface ectoderm concomitant 
with primitive streak regression is the first 
overt sign of neurogenesis. This thickening, 
the neural plate, is bounded laterally by 
elevations called neural folds. A median and 


a pair of lateral grooves form in the neural 
plate (Fig. 6.3), allowing the neural folds to 
become apposed and subsequently fuse. This 
process is facilitated by cytoskeletal organ- 
elles, including microfilaments and micro- 
tubules, located within neural plate cells and 
also by extrinsic forces generated by under- 
lying paraxial and notochordal tissues. 

Neural tube closure begins in the region 
of the rostral rhombencephalon or mesen- 
cephalon, depending upon the species. The 
tube remains open rostrally for a short pe- 
riod of time at the rostra] neuropore and 
caudally for a longer time at the caudal 
neuropore. Neural tube closure occurs simi- 
larly throughout the length of the neuraxis 
except in the lumbosacral region. Here, the 
spinal cord forms initially as a solid mass of 
epithelial cells, and a central lumen develops 
secondarily by cavitation. 

Initially the neurepithelial cells in the wall 
of the neural tube are organized in a pseu- 
dostratified arrangement. Processes of each 
cell extend to both the inner (apical, lu- 
minal) and outer (basal) surfaces of the 
neural tube. During early embryonic stages 
all these cells are mitotically active, and the 
size of the tube increases rapidly as a result 
of this proliferation. At interphase the nu- 
cleus of each cell is located either in the 
center of the neurepithelium or close to the 
external surface of the tube; DNA synthesis 
and chromosomal duplication occur in the 
latter location (Fig. 6.4). Prior to mitosis, 
the nucleus shifts towards the luminal sur- 
face and contact with the outer surface is 
broken. The cell becomes spherical and di- 
vides, usually parallel to the luminal surface. 

The two new daughter cells each reestab- 
lish contact with the outer surface of the 
spinal cord, and the nuclei move away from 
the lumen. At this time each cell has two 
alternatives: either to repeat the above pro- 
liferative sequence, or to detach from the 
luminal surface and form either an imma- 
ture neuron or a spongioblast. Spongioblasts 
are the progenitors of two types of neuroglia 
(glia — glue) in the central nervous system, 
astrocytes and oligodendrocytes. A third 
type of glial cell, the microglia, is believed to 
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Figure 6.3. Two stages in the closure of the neural plate in a 4-somite dog embryo. A, mesencephalic 
level, and B, prosencephalic level. Note that folding occurs in a ventromedian and a pair of lateral 
sites (bar, 0.1 mm). 


Ventricle 


Figure 6.4. Cell division in the neurepithelium. The nucleus moves away from the ventricle, at which 
time chromosomal replication (S-phase of cell cycle) occurs. Subsequently, the nucleus moves to the 
ventricular surface, the cell loses connection with the outer margin, and mitotic division (M-phase) 
occurs. (From M Jacobson (1978) after Sauer (1935), courtesy of Plenum Publishing Corp.) 
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be of mesodermal origin and presumably 
enters the central nervous system along with 
vascular tissues. Generally the period of neu- 
ron production procedes that of gliogenesis. 

Except for olfactory receptor neurons, all 
mature neurons are permanently postmi- 
totic. The time at which a prospective neu- 
ron undergoes its last division is called its 
birthdate. Generally, neurogenic cells in the 
ventral part of the spinal cord and hindbrain 
are the first to stop dividing, with birthdates 
of dorsal and intermediate neurons follow- 
ing. Cortical neurons in the cerebrum and 
cerebellum are the last populations to be 
fully formed, with proliferation not com- 
plete until 3-4 months after birth in the dog, 
and the 3rd yr in humans. In precocial ani- 
mals such as the foal and calf, most cortical 
neurons are formed by birth. 

The three layers of the embryonic neural 
tube (Fig. 6.5) are: (a) the ventricular zone, 
also called the germinal layer, which is ad- 
jacent to the Jumen of the neural canal and 
is the region of active cell division; (b) the 
mantle layer or intermediate zone which is 
in the middle and represents the location of 
cell bodies of proliferating neurepithelial 
cells, immature neurons and presumptive 
glial cells; and (c) the marginal layer, which 
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Figure 6.5. Transverse sections of the spinal cord in A, 14-mm and B, 27-mm calf emb 


is on the external surface and contains the 
axonal processes of developing neurons. 


EARLY DEVELOPMENT OF THE 
SPINAL CORD 


The lateral walls of the embryonic spinal 
cord are thick and packed with proliferating 
cells. In contrast, the dorsal and ventral mar- 
gins are thin and are referred to as the roof 
plate and floor plate, respectively. A small 
longitudinal furrow, the sulcus limitans, ex- 
tends along both sides of the neural canal 
(Fig. 6.6). It is located approximately half- 
way between the dorsal and ventral margins. 
This sulcus demarcates the dorsal alar plate 
of the mantle layer and the ventral basal 
plate. Many alar plate neurons have a sen- 
sory function, while those of the basal plate 
have motor functions. Later a shallow dorsal 
median sulcus develops in the dorsal midline 
of the spinal cord. Also, the basal plate re- 
gions on both sides of the spinal cord grow 
ventrally, creating a deep ventral median 
fissure. 

Transformation of this embryonic organ- 
ization into that of the mature spinal cord 
occurs as result of massive proliferation, 
asymmetric movement of immature neu- 
rons in the mantle layer, and development 


t d 


ryos (32 and 


42 days of gestation). The dorsal and ventral roots and mantle layer are well established by the 14- 
mm stage, but the marginal layer is very small. By the 27-mm stage most of the basal plate neurons 
are established and the ventricular zone is reduced; the alar plate is less well developed. 
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Figure 6.6. Schematic sections illustrating the maturation of the spinal cord. (Redrawn after BM 


Patten (1954).) 


of neuronal processes. The mantle layer be- 
comes the gray matter of the spinal cord, 
which consists primarily of neuronal cell 
bodies. Due to differential migrations of im- 
mature neurons, the mantle layer becomes 
shaped like a butterfly (Fig. 6.6E) with 
prominent dorsal and ventral gray columns 
(horns). 

Initially the gray columns are uniform 
along the entire length of the spinal cord 
(Fig. 6.7). However, as the limbs develop the 
columns at the corresponding axial levels 
become significantly enlarged. The presence 
of a greater number of neuronal cell bodies 
in these regions is the result of degeneration 
of immature neurons in nonlimb-innervat- 
ing regions. Most of these cells die because 
they fail to form viable contacts with devel- 
oping muscle tissue. Also, in the thoracic 
level (T, through L4) immature neurons mi- 
grate dorsomedially out of the ventral motor 
column and form the intermediate gray col- 
umn. This contains the neuronal cell bodies 
of the sympathetic neurons. The spinal cord 
enlargement that occurs from the 6th cervi- 
cal through the Ist thoracic segments is 


called the cervical intumescence. The lum- 
bosacral intumescence, which provides pel- 
vic limb innervation, is located from the 4th 
lumbar through the Ist sacral segments. 

The marginal layer of the spinal cord is 
commonly referred to as white matter, so 
named because of the appearance of myelin- 
ated axons. This outer layer contains tracts 
of ascending (projecting cranially) and de- 
scending (projecting caudally) axons that are 
grouped together in bundles called funiculi. 
The dorsal, lateral and ventral funiculi (Fig. 
6.6 E) are separated from one another by 
the emerging motor and entering sensory 
roots. 

The ventricular zone does not expand pro- 
portionately to the other layers. As prolifer- 
ation of neurons and glia concludes, this 
epithelium remains as a single layer of cil- 
iated columnar epithelial cells called epen- 
dymal cells that surround a small central 
canal. 


EARLY DEVELOPMENT OF THE BRAIN 


As the cephalic neural tube is being 
formed, three distinct regions of the future 
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Figure 6.7. Three stages in the development of the avian ventral gray column. As shown in B, some 
immature neurons in the thoracic and sacral levels shift from a ventrolateral to ventromedial (VM) 
position; these form visceral efferent neurons. Other neurons, shown as solid black cells, degenerate; 
this cell death is greatest but not limited to the cervical region, where it is due to an absence of target 
sites (sympathetic ganglia) for these sympathetic neurons. Much less neuronal degeneration occurs 
in the limb regions, resulting in the formation of large lateral motor columns (LMC) in these regions. 
BR, brachial region; CCG; cranial cervical ganglion; CE, cervical region; SG, spinal ganglion; L, lumbar 


region; S, sacral region; SYM, sympathetic ganglia; TH, thoracic region. (Modified from Levi-Montalcini 


(1950).) 


brain are delineated. An expansion at the 
most rostral end of the neural tube forms 
the prosencephalon. Growing outward from 
each side of the prosencephalon is an evagi- 
nation called the optic vesicle. The two en- 
larged regions of the brain caudal to this 
become the mesencephalon and rhomben- 
cephalon (Fig. 6.8). 

As the optic primordia are developing 
from the ventrolateral walls of the prosen- 
cephalon, the alar region of the rostral end 
of the neural tube begins to expand bilat- 
erally. This marks the subdivision of the 
prosencephalon into telencephalic and, me- 
dially, diencephalic regions. The paired te- 
lencephalic vesicles will develop into the 
cerebral hemispheres. These eventually ex- 
pand over the diencephalon and mesenceph- 


alon, as illustrated in Figure 6.9. The dien- 
cephalon remains as the undivided portion 
of the prosencephalon at the rostral end of 
the brain stem. It is located in the midline 
and connected to the laterally expanding 
optic vesicles. The thalamus and hypothal- 
amus and the neural component of the pi- 
tuitary gland (neurohypophysis) develop in 
this part of the brain. 

The rhombencephalon becomes subdi- 
vided into rostral and caudal components. 
The rostral division forms the meten- 
cephalon, which will give rise to the pons 
ventrally and cerebellum dorsally. The my- 
elencephalon, forms the medulla oblongata, 
which is the caudal part of the brain stem. 

Differential growth of these regions gives 
rise to flexures in the developing brain (Fig. 
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Figure 6.8. Development of the five principal regions of the brain and ventricles, shown in schematic 
dorsal views. 


6.9). As head folding occurs the brain bends 
ventrally at the level of the mesencephalon 
to produce the midbrain flexure. A second, 
more gradual ventral bend, called the cervi- 
cal flexure occurs at the junction of the 
myelencephalon and cervical spinal cord. 
Later, unequal growth in the rhombenceph- 
alon produces a slight dorsal folding, the 
pontine flexure. The final processes in estab- 
lishing the definitive shape of the mamma- 
lian brain are the enlargement of the cere- 
bellar cortex, and the tremendous growth 
and caudal expansion of the cerebral cortex. 

In contrast to the small central canal of 
the spinal cord, the lumen of the brain ex- 
pands during development (Fig. 6.8). Within 
each telencephalic vesicle is a lateral ventri- 
cle (ventricles 1 and 2). The 3rd ventricle is 
in the diencephalon. Interventricular foram- 
ina connect each lateral ventricle with the 
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3rd ventricle. The 3rd ventricle is connected 
caudally via the narrow mesencephalic aq- 
ueduct to the 4th ventricle. 

As the 4th ventricle expands, the roof 
plate becomes a thin, dorsal covering con- 
sisting of a single layer of ependymal cells 
closely apposed by meninges. Blood vessels 
in the pia mater, which is the layer of me- 
ninges adjacent to the brain and spinal cord, 
from a capillary plexus in two longitudinal 
rows. This plexus with its covering of epen- 
dymal cells protrudes into the lumen of the 
4th ventricle, forming the choroid plexus. 
The primary function of the plexus is to 
produce cerebrospinal fluid. A similar cho- 
roid plexus develops in the roof of the di- 
encephalon and in the medial wall of each 
telencephalon. 

At the rostral end of the myelencephalon 
an opening called the lateral aperture devel- 
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Figure 6.9. Schematic lateral views showing the development of the brain in the pig. Arrows in A, B 
and D indicate the sites of the cranial, cervical and pontine flexures, respectively. (Redrawn after BM 
Patten (1954.) 
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CENTRAL NERVOUS 


ops on both sides of the neural tube. This 
permits cerebrospinal fluid produced by the 
choroid plexus to pass out of the lumen of 
the central nervous system, where it circu- 
lates through the meninges and is absorbed 
by veins. 


MATURATION OF BRAIN REGIONS 
Myelencephalon 


The medulla oblongata extends from the 
first cervical spinal cord segment to the 
transverse fibers of the pons. Myelencephalic 
neurepithelial cells proliferate ventrally in 
the region of the basal plate and laterally in 
the alar plate region. These regions are de- 
marcated by a ventrolateral groove in the 
wall of the neural tube that marks the rostral 
continuation of the sulcus limitans. The 
mantle region gives rise to clusters of neu- 
rons called nuclei. Axons from motor nuclei 
grow out from basal plate nuclei of the my- 
elencephalon to innervate either striated 
muscles of the head or peripheral neurons 
of the autonomic visceral system. These ax- 
ons comprise the efferent components of 
cranial nerves VI through XII (see Table 
9.1). Axons from neurons in sensory ganglia 
enter the medulla at the same axial levels as 
corresponding efferent neurons and synapse 
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on neurons in nuclei derived from the alar 
plate region of the mantle layer. 


Metencephalon 


Development of the basal and alar regions 
of the metencephalon are very different. The 
mantle layer of the basal plate gives rise to 
motor neurons of the 5th cranial nerve, 
which innervate the muscles of mastication. 
Some alar plate neurons migrate ventrally 
to form the pontine nuclei, as shown in 
Figure 6.10. Neurons in the cerebral cortex 
terminate on pontine neurons that project 
to the cerebellar cortex. Ventrally, the axons 
of these pontine neurons form a superficial 
band of processes known as the transverse 
fibers of the pons. 

The roof of the metencephalon forms the 
cerebellum. Both the shapes of cerebellar 
neurons and their spatial arrangement have 
been highly conserved during vertebrate ev- 
olution and thoroughly studied in all classes. 
Developmental anomalies of this system re- 
sult in abnormalities of locomotion and pos- 
ture, which are readily identified and fre- 
quently seen in mammals. 

The first indication of cerebellar develop- 
ment is a dorsal enlargement of the meten- 
cephalic alar plate. This presents a striking 
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Figure 6.10. Early development of the cerebellum and pons shown schematically in transverse 
sections through the metencephalon. Arrows indicate the direction of movement of cells derived from 
the rhombic lip. 


102 EMBRYOLOGY OF DOMESTIC ANIMALS 


contrast to the thin roof of the myelenceph- 
alon. Bilateral dorsal growths called rhombic 
lips (Fig. 6.10) expand medially through the 
roof plate of the rostral part of the 4th ven- 
tricle, eventually meeting and fusing in the 
midline to completely cover this part of the 
ventricle. As the pontine flexure deepens, 
the enlarged roof of the metencephalon be- 
comes folded against the roof of the medulla, 
obscuring most of the choroid plexus from 
dorsal view. 

Neurepithelial cells in the rhombic lips 
develop along several lines. Some occupy a 
dorsal mantle zone similar to the corre- 
sponding lateral region in the spinal cord. 
From this there develops a population of 
large, highly specialized cells, the Purkinje 
neurons, which constitute the primary out- 
put cells in the cerebellar cortex of all ver- 
tebrates. Neurons of cerebellar nuclei lo- 
cated in the floor of the cerebellum and 
Golgi type II neurons in the cortex also arise 
from this mantle population. 

Purkinje neuron somata become aligned 
in a single layer near the outer surface of the 
mantle zone, and each cell develops a large, 
uniplanar superficial dendritic arborization 
(Fig. 6.11). The plane of this dendritic net- 
work is transverse to the longitudinal axis of 
the folium; when each folium is viewed in 
longitudinal section the arborization looks 
very narrow. This layer is well developed in 
the calf by 100 days of gestation. 

Unique to the cerebellum is the formation 
of a large, superficial population of prolif- 
erating neurepithelial cells called the exter- 
nal germinal layer. Progenitors of this pop- 
ulation arise in the ventricular zone of the 
rhombic lips, then spread over the entire 
roof of the cerebellar cortex. These superfi- 
cial neurepithelial cells continue to divide 
and subsequently give rise to all remaining 
cerebellar cortical neurons (granule, stellate 
and basket neurons). The granule neurons 
are the largest population formed by the 
external germinal layer. They stop dividing 
deep within the external germinal layer and 
become immature bipolar neurons, with 
their axons running in a plane parallel to 


the longitudinal axis of the folium. Concom- 
itantly, the soma of each granula neuron 
moves inward from the external germinal 
layer (Fig. 6.12), past the layer of Purkinje 
neuron cell bodies. They form a thick new 
layer in the cerebellum that is called the 
granular layer. 

As the cerebellum grows the cortex forms 
folds, referred to as folia. The granule layer 
is thickest over the center of each folium 
and thinner around the sulci between them. 
A single axon projects superficially from 
each granule cell body, then bifurcates at the 
level of Purkinje dendrites. These granule 
cell axons are called parallel fibers (shown 
in red in Fig. 6.11), which traverse the cere- 
bellum perpendicular to the plane of Pur- 
kinje dendritic trees. Each Purkinje neuron 
is contacted by several hundred thousand 
parallel fibers. This superficial zone is called 
the molecular layer of the cerebellar cortex. 

The period of greatest development of the 
external germinal layer varies between spe- 
cies of animals and is closely correlated with 
the age at which the animal is able to stand 
and walk in a coordinated manner. In calves, 
foals and other species that walk within an 
hour after birth the cerebellum is developed 
much more than in kittens and puppies who 
do not walk for about 3 weeks postnatally. 
In calf fetuses the external germinal layer 
appears at around 57 days of gestation and 
reaches maximal thickness at around 183 
days. It slowly decreases in size as it produces 
the neurons of the granule layer of the cer- 
ebellar cortex so that at birth the external 
germinal layer is only a few cells in thickness. 
Some of the these cells may persist for up to 
6-8 months of age and should not be con- 
fused with inflammatory cells in the lepto- 
meninges. 

In dogs and cats the external germinal 
layer reaches its greatest development at 
about 7 days postnatally and begins to de- 
crease in size by 2 weeks of age, concomitant 
with the formation of the granule neuron 
layer. Some cells of the external germinal 
layer will persist for 3 months in these spe- 
cies. In laboratory animals, the peak time of 
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Figure 6.11. Development of the cerebellar cortex. Proliferating cells in the external germinal layer 
(red) stop dividing and begin to develop axons (parallel fibers) while their nuclei migrate inwardly, 
through the Purkinje cell layer (blue). The dendritic area of each Purkinje cell increases as more 
parallel fibers are formed and synapse upon it. At the same time climbing fibers, which initially 
establish synapses upon the Purkinje cell bodies, grow into the dendritic arborization of Purkinje 
neurons and establish new synaptic contacts. Many of the events shown in this figure occur postnatally 
in altricial mammals (carnivores, primates, laboratory animals) and prenatally in precocial mammals 
such as the ungulates (horse, cow, sheep, goat). 
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Figure 6.12. This illustrates the sequence of changes (a-/) in the morphology of developing granule 
cells in the cerebellum during the initial stages of parallel fiber and granular layer formation. EGd and 
EGs, deep and superficial strata of the external germinal layer; G, granular layer; Mol, molecular layer; 
and Pur, Purkinje neuron layer. (From M Jacobson (1978) after Ramon Y Cajal, courtesy of Plenum 


Publishing Corp.) 


proliferation in the external germinal layer 
is the 2nd postnatal week, but in humans 
this layer persists until the 3rd yr. 


Mesencephalon 


The mantle layer of the basal plate gives 
rise to motor neurons of the 3rd and 4th 
cranial nerves, which innervate muscles that 
move the eye. Alar plate neurons form a pair 
of rostral and caudal bulges called colliculi. 
Neurons in each caudal colliculus are in- 
volved with auditory function; those in the 
rostral colliculi are concerned with visual 
function. In most vertebrates the rostral col- 
liculus (optic tectum) acts as a primary in- 
tegrator of visual inputs; in mammals this 
function is assumed by the visual cortex 
(telencephalon). 

Alar and basal plate mantle layers contrib- 
ute neurons to the region of the mesenceph- 
alon ventral to the aqueduct known as the 
tegmentum. These will be part of the core of 
the brain stem known as the reticular for- 
mation that extends from the myelencepha- 
lon to the diencephalon. This has compo- 
nents that ascend into the diencephalon and 
are concerned with the state of conscious- 
ness of the animal. 


Diencephalon 


The sulcus limitans does not extend cra- 
nially beyond the mesencephalon, and the 
walls of the neural tube rostral to the mid- 
brain are considered analogous to compo- 
nents of the alar plate. The mantle layer of 
the diencephalon gives rise to the neurons 
that comprise the many nuclei of the thala- 
mus and hypothalamus. These connect with 
each other, with other brain stem nuclei, 
and a large component project to the cere- 
bral cortex. 

Initially the neural canal of the dienceph- 
alon expands vertically in the. median plane. 
The central region of this ventricle becomes 
obliterated by the interthalamic adhesion, 
which is formed by medial enlargements of 
the developing thalamic primordia. Ventral 
to the adhesion the 3rd ventricle forms a 
vertical slit located between the walls of the 
developing hypothalamus and extending 
ventrally into the stalk of neurohypophysis. 

Dorsal to the interthalamic adhesion the 
3rd ventricle is covered by a narrow strip of 
roof plate which consists of a single layer of 
ependymal cells. A choroid plexus similar to 
that of the 4th ventricle develops the full 
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length of this roof plate on both sides of the 
midline. 
Telencephalon 


Each telencephalic vesicle will give rise to 
a cerebral hemisphere. The mantle layer of 
the neural tube of the telencephalon gives 
rise to neurons whose cell bodies migrate to 
the surface of the neural tube to form the 
cerebral cortex. Many of the axons of these 
neurons then grow inward to project to other 
areas in the same or opposite hemisphere or 
to the brain stem. As a result of this process 
the cerebral cortex consists of superficially 
located neuronal cell bodies that comprise 
the gray matter, and underlying axons that 
form the white matter. This is the opposite 
of the gray and white matter relationship in 
the spinal cord. 

As these immature neurons migrate from 
their origin on the surface of the mantle 
layer to the external surface of the telen- 
cephalon they establish layers of neurons 
that comprise the cerebral cortex. The first 
neurons to organize on the surface will be 
found in the deepest layer of the mature 
formed cerebral cortex. As more cells stop 
dividing and leave the ventricular zone, they 
must migrate through layers of neurons al- 
ready present. The last neurons to form are 
found in the most superficial layer of the 
cerebral cortex. In addition to populating 
the cerebral cortex, neurons derived from 
the mantle layer of the telencephalon form 
collections of cell bodies deep to the surface 
known as basal nuclei. 

The processes of neurons in each cere- 
brum comprise three groups based on their 
termination. The association neurons have 
processes that course between adjacent gyri 
(short association neurons) or distant gyri 
(long association neurons) of the same 
cerebral hemisphere. These axons always 
terminate on another neuron within the 
same hemisphere. Neurons whose axons 
cross to the opposite cerebrum, in a pathway 
referred to as a commissure, are called com- 
missural neurons. The largest commissure is 
the corpus callosum. The primordium for 
this pathway is first established by primitive 
glial cells that migrate medially and form a 
bridge-like structure between the adjacent 


surfaces of each telencephalon just rostral to 
the lamina terminalis, which is the most 
rostral surface of the diencephalon. The ax- 
ons of commissural neurons grow through 
this pathway to establish the primitive cor- 
pus callosum. As the telencephalic vesicle 
expands dorsally and caudally over each side 
of the brain stem this commissural pathway 
expands so that the corpus callosum ulti- 
mately extends over the entire diencephalon. 

In each telencephalon there is a narrow 
zone of neural tube that does not develop 
into parenchyma but remains as a single 
layer of ependymal cells similar to the roof 
plates of the 3rd and 4th ventricles. The pial 
blood vessels proliferate along this layer of 
ependymal cells to form the choroid plexus 
of each lateral ventricle. It projects into the 
lateral ventricle and is continuous rostrally 
at the interventricular foramen with the cho- 
roid plexus of the third ventricle. 


EYE, LENS AND CORNEA 


The area of the neural plate destined to 
form the eyes is initially a single median 
region, the optic field, located near the ros- 
tral margin of the future prosencephalon. 
Interaction of this area of neuroectoderm 
and the underlying head mesoderm and, in 
amphibians, the foregut endoderm, causes 
the single optic field to separate into two 
lateral eye-forming regions. Failure of sepa- 
ration to occur completely is the basis for 
the cyclopian malformation, in which a sin- 
gle eye develops in the center of the head 
(see Fig. 9.28, and Fig. 1.3 of the Introduc- 
tion). 

After closure of the cephalic neural tube, 
lateral expansion of the prosencephalon 
forms the optic vesicles (Fig. 6.13), which 
remain attached to the prosencephalon by 
the optic stalks. Each optic vesicle grows 
laterally until it contacts the adjacent surface 
ectoderm. As a result of this contact (see 
Chapter 4), the ectoderm thickens to form 
the lens placode. This subsequently invagin- 
ates and forms a lens vesicle, which breaks 
away from the surface ectoderm; the latter 
becomes the anterior (superficial) layer of 
the cornea. The deeper layers of the cornea 
are derived from neural crest mesenchymal 


106 EMBRYOLOGY OF DOMESTIC ANIMALS 


cells. Concomitantly, the lateral surface of 
the optic vesicle invaginates to form a nearly 
complete, bilayered optic cup, (Fig. 6.14). 
The inner surface layer of the optic cup will 
give rise to the neural retina with its layers 
of neurons that function in visual reception. 
The outer layer of the optic cup becomes 
the pigmented epithelium of the retina. The i 
optic stalk persists, connecting the optic cup 
with the diencephalon and serving to guide 
axons of neurons in the retinal ganglion 
layer back to the developing brain. Table 6.1 
outlines the stages at which these events 
occur in the dog and cow. 

The ciliary body and the posterior surface 


Optic 
vesicle 


Figure 6.13. Transverse section showing the 
close contact between the evaginating optic ves- 
icle and the overlying surface ectoderm in an 
avian embryo. Interactions between these tissues 
result in the formation of the lens placode, which 
will subsequently invaginate and form the lens. R 
and PE indicate the future retinal and pigmented 
epithelial layers of the eye. 
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Figure 6.14. Transverse section through the optic cup of a 10-mm cat embryo. At this stage the 
posterior cells of the lens vesicle are elongating to form lens fibers, and the primordia of the cornea 
are beginning to migrate over the anterior surface of the lens. 
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Table 6.1. 
Timetable of embryonic eye development 


(days) 


Structures formed Dog Ox (mm) 
Optic vesicle 17 25-30(6) 
Optic cup 19 30(10) 
Lens vesicle 25 30(10) 
Retinal gan- 33 30(10) 

glion cell 
layer 
Eyelids fused 33 50(40) 
Inner plexiform Birth 
layer 
Inner and T7-13* 40-50(14-33) 
outer retinal 
nuclear lay- 
ers 
Eyelids open +14? Birth 
Rods and +16-357  150-180(410) 
cones 


——— M € — — 


* Days after birth. 


of the iris are formed by cells of the pig- 
mented epithelium that extend towards the 
lens from the anterior lip of the optic cup. 
Connective tissues in the choroid, sclera and 
iris are derived from the neural crest, with 
minor contributions from mesoderm. Peri- 
ocular blood vessels in the choroid, ciliary 
body and iris are derived from mesodermal 
angiogenic cords originally associated with 
the first aortic arch. 

The muscles of the eye are derived from 
three different precursors. The extrinsic ocu- 
lar muscles, which move the eye 1n the orbit, 
are derived from cephalic paraxial meso- 
derm (see Chapter 9). There are two sets of 
intrinsic ocular muscles. Those in the iris 
are formed from pigmented epithelial cells 
originally located at the edge of the optic 
cup. Ciliary muscles, in contrast, are derived 
from neural crest mesenchymal cells. 

The retina develops circumferentially, 
with new cells being added peripherally dur- 
ing embryonic development. In fishes this 
process continues throughout the life of the 
animal. Since the brain is fully formed in 
juvenile stages, new retinal axons entering 
the fish's mesencephalon displace preexist- 
ing nearby visual projections, which then 
compete for synaptic terminals with adja- 


cent optic nerve axons. All this occurs in a 
spatially ordered manner, with no compro- 
mise of visual acuity. In mammals, retinal 
ganglion cell neurons that fail to establish 
synapses on brain neurons degenerate. 


ONTOGENY OF VISUAL NERVE 
PATHWAYS 


The basic wiring of the visual system, 
especially the connections from the retina to’ 
the lateral geniculate nucleus and from there 
to the visual cortex, develops prenatally as a 
result of genetically-based mechanisms. 
However, in some altricial mammals, partic- 
ularly the cat and monkey, it has been 
proven that functional inputs play a signifi- 
cant role in the establishment and mainte- 
nance of precise synaptic terminals. The crit- 
ical period for this process is the Ist 3-4 
months after birth in cats and lst yr in 
monkeys, although these animals are espe- 
cially sensitive during weeks 2-4 (cat) and 
2-12 (monkey). 

Visual input from both eyes is especially 
important in the development of binocular 
vision. Information about a specific point or 
object in front of the animal converges on 
each neuron in one layer of the visual cortex. 
While some of these neurons are stimulated 
equally by both eyes, most are driven pref- 
erentially by one or the other (Fig. 6.154). 
Typically, groups of central neurons driven 
by projections from the contralateral eye 
alternate across the visual cortex with groups 
driven by the ipsilateral eye. 

Many studies using kittens and monkeys 
have shown that if visual input in one eye is 
temporarily reduced, as a result of inherited 
cataracts or short-term surgical closure of 
the eyelids, normal binocular vision never 
develops (Fig. 6.158). Moreover, in these 
animals the projections carrying informa- 
tion from the normal eye form functional 
synapses upon cortical neurons normally 
contacted by the deprived eye. Thus, cortical 
neurons that would normally have received 
and maintained inputs from the deprived 
eye have shed these inputs and acquired and 
maintained inputs from the normal (stimu- 
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Figure 6.15. Histograms showing the number of neurons activated by inputs from the ipsilateral eye 
(column 7), the contralateral eye (column 1), or both eyes (columns 3-5), based on electrophysiolog- 
ical analysis of visual cortical neurons in the rhesus monkey. A, normal pattern; B, after monocular 
deprivation for 1.5 yr after birth; and C, following binocular deprivation for 1 month. In B, the deprived 
eye generated no cortical response. Data on cats are very similar. (Redrawn after DH Hubel (1982).) 


lated) eye. These results were obtained only 
when deprivation occurred during the criti- 
cal, early postnatal period, and the animals 
never recovered. In contrast, animals will 
recover if the period of deprivation is much 
shorter (several days) or occurs after the 
most sensitive stage of the critical period. 
Interestingly, the effects of temporarily de- 
priving both eyes of normal input are less 
severe. After restoring normal input to the 
retinas, the electrical activity of visual cor- 
tical neurons remains depressed, but the pat- 
tern of left- and right- dominant cells is 
intact (Fig. 6.15C). This proves that the 
development of normal binocular vision de- 
pends upon synchronous, balanced, spa- 
tially-aligned inputs from both eyes. 


MALFORMATIONS OF THE SPINAL 
CORD 


Myelodysplasia 
The general term for a malformation of 
the spinal cord is myelodysplasia. This can 
include one or more of the following: 


Hypoplasia, (aplasia): reduced (absence of) 
development of one or more segments of the 
spinal cord; 


Hydromyelia: dilation of the central canal 
due to excess accumulation of cerebrospinal 
fluid; 

Syringomyelia: abnormal cavitation of the 
spinal cord: 

Diplomyelia: two spinal cords developed be- 
side each other usually in one set of meninges 
and in one vertebral canal; and 

Diastematomyelia: two spinal cords devel- 
oped with a partition between them. These are 
usually in separate vertebral canals and have 
separate meninges (Fig. 6.16). 


The origin of most of these abnormalities 
can be traced back to events occurring dur- 
ing neurulation, beginning with interactions 
between the notochord and paraxial meso- 
derm and the dorsal surface ectoderm (fu- 
ture neural plate). Abnormalities associated 
with the central canal in the lumbosacral 
region may be related to errors in cavitation. 
Also, as documented in the experiments il- 
lustrated in Figure 6.17, defects in the spatial 
arrangements of somites or the notochord 
can result in gross asymmetries in the neural 
tube. Because of this close relationship be- 
tween the developing neural tube, notochord 
and paraxial mesoderm, a primary abnor- 
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‘Figure 6.16. Diastematomyelia in the lumbosac- 


ral region of a newborn Holstein calf. A, dorsal 
view of specimen following laminectomy. B, same 
perspective with spinal cord isolated. Note in A 
that vertebral processes project between the two 
spinal cords, indicating that two separate embry- 
onic axial systems must have formed at this 
region. 


mality in one may compromise the devel- 
opment of the others (see also Fig. 8.6). 
Myelodysplasias occur commonly in cat- 
tle and are often accompanied by vertebral 
malformations. These are usually sporadic 
occurrences on farms and are of unknown 
cause. The majority of these involve the 
thoracic, lumbar or sacral segments. Ani- 
mals with these malformations are often 
unable to generate normal coordinated 
movements of the pelvic limbs, and attempts 
to walk often result in simultaneous hopping 
motions of the pelvic limbs. The signs are 
evident at birth and usually do not change. 
A dominantly inherited. myelodysplasia 
described in Weimaraner dogs has been 
called spinal dysraphism, a terminology 
used for the same condition in children. This 
term infers a failure of the neural folds to 
appose and close to form the neural tube. In 
this sense it is incorrectly used, because in 
this disease the neural folds close correctly. 
Subsequently, the spinal cord develops a 
number of abnormalities including hydro- 
myelia, syringomyelia, absence or duplica- 
tion of the central canal, absence or divided 


ventral median fissure, and aberrant migra- 
tion of neuronal cell bodies. 

The neurologic signs resulting from this 
malformation are usually apparent by 6 
weeks of age. As these puppies begin to walk, 
they move their pelvic limbs simultaneously, 
producing a “bunny hopping” type of gait. 
They may also stand in a crouched posture 
on these limbs, with both limbs partially 
abducted or with one limb overextended. 
Other abnormalities that have been observed 
in these dogs include scoliosis, abnormal 
hair patterns on the dorsal midline of the 
neck, and koilosternia, which is a gutter-like 
depression on the midline of the sternum. 
This spinal cord abnormality has also been 
reported sporadically in other breeds of dogs. 


Myeloschisis, Meningocele 


Spina bifida includes all abnormalities in 
which the vertebral arches fail to close dorsal 
to the spinal cord to form the vertebral canal 
(see Fig. 8.11). As such it is a vertebral 
anomaly, not one of the spinal cord. How- 
ever, in the majority of these cases there is 
some compromise of adjacent neural and/ 
or meningeal tissues. In some instances the 
cord is normal but the meninges protrude 
through the opening in the vertebral arches 
and form a cyst beneath the skin; this is 
spina bifida with meningocele (Fig. 6.18 F). 
More often the spinal cord also has a dorsal 
cyst, in which case the condition is called 
spina bifida with meningomyelocele (Fig. 
6.19). The spinal cord segments adjacent to 
the meningomyelocele frequently show ad- 
ditional signs of myelodysplasia. 

If any part of the neural tube fails to close 
during neurulation a permanent cleft 
(schisis) will result. This is called myelos- 
chisis (Fig. 16.18D). When the neural tube 
remains open it is impossible for vertebral 
arches to form and fuse normally. Generally 
this condition will involve several vertebral 
segments. 

The severity of peripheral functional loss 
in these vertebral-spinal cord schises de- 
pends on the amount of neural tissue lost or 
damaged. If large portions of the luminal 
surface of the lumbosacral spinal cord are 
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Notochord B Early notochord extirpation C Late notochord extirpation 


D Bilateral somite extirpation E Unilateral somite extirpation F Notochord and somites extirpated 


Figure 6.17. Tissue interactions affecting the early development of bilateral symmetry in the spinal 
cord. A, normal; B, effects of early removal of the notochord (somites have fused together beneath 
the spinal cord); C, effects of later removal of the notochord; D, E, effects of bilateral and unilateral 
somite extirpation; and F, effects of removing all adjacent tissues except the surface ectoderm. These 
experiments were performed on amphibian embryos. (Redrawn after J Holtfreter and V Hamburger 
(1955).) 
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Figure 6.18. The principal types of vertebral-spinal cord-meningeal malformations, shown in sche- 
matic transverse section. The dura is shown in red, neural tissue in blue. 
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Figure 6.19. Meningomyelocele in a 4-month old Bulidog (top) and Manx cat. The animals were 
presented because of lack of voluntary control over urinary and fecal excretions. There was a dimple 
in the skin overlying the sacrum. A, myelogram showing that dye injected subdurally leaves the 
vertebral canal and enters a sac (white arrow) located above the first two sacral vertebrae. B, dorsal 
view of the lumbosacral cord and vertebral region following laminectomy. This shows the presence 
of a large meningocele. The dura has been torn open (small arrows), revealing the presence of neural 
tissue entering the enlarged dural sac; this is a meningomyelocele. The /arge arrow indicates an 
abnormal cleft in the spinal cord which, upon histological examination, was a syringomyelia. 


exposed early in development the neurepi- 
thelium usually degenerates, which would 
lead to neurogenic atrophy of pelvic limb 
and flank musculature by the time of par- 
turition. A localized area of myeloschisis in 
the thoracic or cranial lumbar spinal cord 
segments might interrupt the spinal cord 
tracts to and from the pelvic limbs, peri- 
neum and tail. Paralysis of motor function 
and loss of all conscious sensation from these 
regions would result, but the local reflexes 
would persist. 

In humans it is usually possible to diag- 
nose neural tube defects during fetal stages. 
Detection 1s based in part on elevated 
amounts of a-fetoprotein in amniotic fluid. 
This protein is normally present in several 
fetal tissues including cerebrospinal fluid, 
which leaks into amniotic fluid when a mye- 


loschisis is present. Ultrasonic scanning can 
also be used to examine the vertebral col- 
umn and skull of a fetus, especially when 
elevated extra-embryonic levels of a-feto- 
protein are found. 

A malformation of the sacrocaudal verte- 
brae and associated spinal cord and nerves 
is observed most commonly in Manx cats 
and English Bulldogs. In Manx cats it is the 
result of selective breeding for anury, which 
is absence of the tail, or brachyury, a 
shortening of the tail (see Fig. 8.13). In the 
process of selectively breeding for this skel- 
etal abnormality, an associated spinal cord 
abnormality commonly occurs. Many of 
these kittens are culled at birth or shortly 
after because they are unable to use their 
pelvic limbs. Others may walk normally but 
have no voluntary control of urination and 
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defecation due to abnormalities in the sacral 
spinal cord or related peripheral nerves. 
These kittens can never be house trained. 
The abnormalities that accompany the 
caudal vertebral aplasia or hypoplasia in 
Manx cats include sacral or lumbar spina 
bifida and meningocele or, more commonly, 
meningomyelocele. Myelodysplasia is com- 
mon in the associated lumbar and sacral 
spinal cord segments. This exemplifies how 
inbreeding for one characteristic may cause 
another that is incapacitating to the animal. 


MALFORMATIONS OF THE BRAIN 


Cerebellar Hypoplasia and Atrophy 


The developing cerebellum is susceptible 
to a number of in utero or perinatal (at birth) 
viral infections, two of which have been 
studied extensively in domestic animals. In 
the cat the feline panleukopenia virus infects 
the rapidly dividing cells of the external 
germinal layer. Destruction of these cells 
causes a hypoplasia of the granular layer of 
the cerebellar cortex. Infection and subse- 
quent cell destruction can occur in utero or 
in the immediate postnatal period. In severe 
infections the Purkinje neurons will also be 
affected and destroyed. 


Figure 6.20. Dorsal view of brains taken from A 
a normal newborn calf and B one infected in utero 
with bovine virus diarrhea virus. Note the loss of 
cerebellar tissue in the affected calf. 


The bovine virus diarrhea (BVD) virus has 
a predilection for the developing cerebellum 
in calves. Infection of the fetus between 100 
and 200 days of gestation regularly produces 
varying degrees of destruction of the cere- 
bellum. An acute inflammation occurs 17- 
2] days postinfection with hemorrhage, ne- 
crosis, edéma and inflammation. This re- 
sults in a malformed cerebellum observed at 
birth that is hypoplastic and atrophic (Fig. 
6.20). The clinical signs will be present when 
the newborn first walks; they will not pro- 
gress but will remain static for the life of the 
animal. 


CASE HISTORY 


Signalment: A 1-day-old Holstein calf, delivered normally without assistance, presented 
with a chief complaint of inability to get up and stiff limbs. 

History: When this calf was at 134 days of gestation, the dairy herd had an iliness in 
many of its cattle with diarrhea, anorexia and fever as the clinical signs. Erosions of 
mucous membranes were observed in half the animals. Serological tests supported a 
diagnosis of infection with the bovine virus diarrhea (BVD) agent. Of 29 cows pregnant 
at that time, 19 delivered normal calves, 8 aborted and 2 had calves that were unable 


to rise at birth. 


Physical Examination: The calf was alert and responsive; all cardiovascular, pulmonary, 
digestive and excretory functions appeared normal. It sucked vigorously and swallowed 
normally when fed milk. All cranial nerves were normal. 

The calf laid in lateral recumbency with its head and neck hyperextended (opistho- 
tonos). The limbs were rigidly extended. When it attempted to get up, it struggled 
vigorously with its limbs and rolled from side-to-side and had wide excursions of the 
head and neck. If the animal was held up, its limbs extended rigidly and they 
occasionally made stiff, hypermetric movements. However, the ataxia and stiffness 
(spasticity) were too severe to allow the calf to walk, and it was unable to balance 
without assistance. The limbs were hypertonic and all spinal nerve reflexes were normal. 


Assessment 


FACTS 
Unable to stand and use limbs at birth 


INTERPRETATION 
Suggests a congenital neural or musculo- 
skeletal problem 
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Alert, responsive, cranial nerves functional; 
strong voluntary movements and normal 
spinal reflexes 

Ataxic, unable to balance, all limbs affected 


Herd infected with bovine virus diarrhea 
during midgestation 


Cerebellar Abiotrophy 

A postnatal or occasionally prenatal Pur- 
kinje neuronal death has been observed in 
many of the domestic animals and numer- 
ous strains of laboratory animals. In affected 
individuals some abnormality intrinsic in 
the development of the Purkinje neuron 
does not permit it to survive and it dies 
prematurely (Table 6.2). This premature de- 
generation is referred to as cerebellar abi- 
otrophy (a = lack of; bios = vital substance; 
trophy = nutrition). The primary defect in 
the Purkinje neuron is unknown and may 
reside in its metabolic apparatus or in the 
chemical environment to which it is ex- 
posed, including synaptic relations with 
other neurons. In those breeds of animals 
where adequate study has occurred, a genetic 
basis for this abiotrophy has been found; it 
is usually inherited as an autosomal recessive 
gene. Whereas in domestic animals most 
inherited abiotrophies affect Purkinje neu- 
rons, in laboratory mice there are examples 
that primarily affect granule neurons. 


Hydrocephalus 


Hydrocephalus is the accumulation of an 
excessive amount of cerebrospinal fluid in 
the cranial cavity. If an acquired lesion or 
developmental abnormality interferes with 
the circulation of cerebrospinal fluid from 
the ventricular system to the external surface 


Table 6.2. 
Purkinje neuron abiotrophy 

Breed Onset of clinical signs 
Kerry Blue Terrier 3-4 months 
Rough Coated Collie 1-3 months 
Gordon Setter 6-24 months 
Arabian horse Birth-4 months 
Gotland Pony 3-9 months 
Holstein cattle 3-9 months 
Yorkshire pigs 3-5 weeks 


Unlikely to be a cerebral, brainstem or 
spinal cord problem 


Suggests a congenital cerebellar abnor- 
mality 

BVD is a known teratogen in cattle that 
primarily affects the developing cere- 
bellum 


of the brain for absorption into the venous 
system, fluid will accumulate between the 
site of production from the choroid plexus 
and the obstruction. Ventricles exposed to 
this elevation of fluid pressure will enlarge, 
thereby compressing and usually destroying 
cortical neurons. This is called obstructive 
hydrocephalus. 

A common site for such obstruction is the 
mesencephalic aqueduct. Developmental 
abnormality of the aqueduct results in ex- 
pansion of the 3rd and especially the lateral 
ventricles, causing secondary atrophy of the 
cerebral cortex and, usually, enlargement of 
the cranial cavity covered by the calvaria. In 
utero inflammation of the lining of the mes- 
encephalic aqueduct produces the same re- 
sult. This is a rare manifestation of the feline 
panleukopenia virus in kittens. 

If brain tissue fails to develop or is lost 
due to a destructive process, such as injury 
or inflammation, cerebrospinal fluid takes 
the place of the lost parenchyma. This con- 
dition is called compensatory hydrocepha- 
lus. 


Hydranencephaly 


When a destructive process destroys either 
the neurepithelial cells that give rise to the 
telencephalon or the fetal telencephalon it- 
self, this leaves only a thin layer of glial and 
meningeal connective tissue where the 
neural parenchyma should be located. The 
resulting cavity, which is a greatly enlarged 
lateral ventricle, fills with cerebrospinal 
fluid. In domestic animals this most com- 
monly results from in utero viral infection 
or, more rarely, an interruption of blood 
supply to the telencephalon. 

Hydranencephaly has in some cases been 
shown to result from in utero viral infection. 
In Australia hydranencephaly and arthro- 
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gryposis (crooked limbs, see Chapter 10) 
have been found separately or together in 
newborn dairy calves of all breeds. These 
calves are blind, dull (“dummy calves"), 
ataxic, and unable to suckle. At necropsy 
the telencephalic tissue is necrotic; both al- 
ready differentiated neural cells and actively 
mitotic germinal cells are affected. In those 
animals with arthrogryposis, somatic effer- 
ent neurons in the ventral gray column of 
nearby limb-innervating parts of the spinal 
cord are absent or degenerative. The cause 
of these defects has been identified as the 
Akabane virus. 

Mature sheep infected with bluetongue vi- 
rus exhibit fever, lameness, and erosions and 
ulcerations of the oral and nasal mucosae. 
The live-virus vaccine produced to establish 
immunity in sheep was found to cause brain 
malformations including hydranencephaly 
in lambs born from ewes immunized during 
gestation. Experimental studies of direct in- 
noculation of this vaccine virus into fetal 
sheep have demonstrated that innoculation 
between 50-58 days of gestation consistently 
produces a severe necrotizing encephalitis 
which is manifest at term as hydranence- 
phaly. Innoculation between 75-78 days of 
gestation produces multifocal encephalitis, 
which presents at term as porencephaly, con- 
genital cystic cavities in the cerebrum that 
may communicate with the lateral ventricle. 
Innoculation after 100 days of gestation 
causes mild focal encephalitis with no sig- 
nificant malformation. 

Unilateral hydranencephaly was found in 
an 8-month-old miniature poodle with a 
visual deficit. No data was available to estab- 
lish an in utero infection as the cause but 
the lesion was predominantly in the area of 
the neopallium supplied by the middle cer- 
ebral artery. In humans, considerable em- 
phasis on the pathogenesis of this malfor- 
mation has been placed on prenatal occlu- 
sion or agenesis of the carotid artery and this 
has been experimentally produced in pup- 
pies. 


Prosencephalic Hypoplasia 


A malformation appears in calves in 
which there is a small opening on the surface 


of the calvaria, which is abnormally flat- 
tened. This hole communicates with a mal- 
formed diencephalon, and cerebrospinal 
fluid may be draining from it. There are no 
cerebral hemispheres and the space where 
they are normally located is filled with bone 
from the reduced calvaria. The rest of the 
brain stem and cerebellum are present al- 
though their shape is altered. The develop- 
ment of the face, nasal openings and oral 
cavity is normal. This malformation, called 
prosencephalic hypoplasia, may represent a 
failure of the neural tube to separate from 
the surface ectoderm at its most rostral ex- 
tent (rostral neuropore), which would pre- 
vent the normal development of the telen- 
cephalic vesicles. 


CONGENITAL OCULAR AND VISUAL 
MALFORMATIONS 


Numerous malformations of the eye have 
been described in domestic animals, most 
commonly in dogs and cattle. One study 
found that 17% of the congenital malfor- 
mations reported in cattle involved the eye. 
Many of these were anomalies in the pig- 
mentation of the iris and did not seriously 
compromise the animal’s vision. In the fol- 
lowing discussion only the more common, 
vision-impairing malformations will be pre- 
sented. 

A large percentage of Collie dogs have an 
hereditary malformation called the Collie 
eye syndrome. This results from a defect in 
the growth of the optic cup, and is usually 
seen in the retina and choroid as a focal 
dysplasia. A defective area in the sclera (ec- 
tasia) may be present. Also, a schisis of the 
optic nerve and a pigment-free zone in the 
retina and iris may be present; these are 
called a coloboma and are usually the result 
of abnormal closure of the ventral margin 
of the optic cup. Many ophthalmologists 
believe that the incidence and severity of 
Collie eye syndrome are correlated with an 
increased length-to-width ratio in the face of 
these dogs, a morphology for which some 
breeders have selected. 

Retinal dysplasia is an abnormal devel- 
opment of the inner layer of the optic cup. 
This is inherited in the English Springer 
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Spaniel, American Cocker Spaniel, Bedling- 
ton Terrier, Sealyham Terrier and Labrador 
Retriever. Retinal dysplasias can also result 
from an in utero inflammation as occurs in 
kittens infected with the feline panleuko- 
penia virus. 

Anophthalmia and microphthalmia result 
from the failure of formation of an optic 
vesicle or, more commonly, from severe in- 
terference with normal growth of the optic 
cup. Often rudiments of the pigmented ret- 
ina are found in the orbits of these animals. 
Along with other facial malformations, mi- 
crophthalmia has been observed in kittens 
exposed to griseofulvin during gestation and 
as a part of an inherited craniofacial malfor- 
mation in Burmese kittens (see Chapter 9). 
Hereditary microphthalmia has been re- 
ported in all species and breeds, but most 
frequently in Akitas, Collies, Schnauzers, 
Australian Shepherds, Great Danes and 
White Short-Horn cattle. In Guernsey cattle 
it is sometimes associated with a cardiac 
malformation and a twisted or missing tail. 
In pigs, dogs and cattle, microphthalmia 
often results if the diet of the mother is 
deficient in vitamin A. 

Optic nerve hypoplasia has been observed 
in dogs, cats, and horses. In these animals 
the optic disk is small, as are the optic 
nerves, chiasm and optic tracts. The only 
evidence of optic nerves may be the menin- 
geal coverings that extend from the eye to 
the optic chiasm. This condition is observed 
most commonly in Miniature Poodles. 

Progressive retinal atrophy is a common 
disease in many breeds of dogs and is usually 
inherited. The onset can begin from prior to 
birth to after several years. It is a progressive 
disease that may include an abiotrophy of 
various components of the nervous coat of 
the retina. In some animals the initial sign 
is reduced night vision; in others a loss of 
object detection is the first function compro- 
mised. Electroretinographic examination of- 
ten reveals reduced responsiveness to light 
in dogs under 3 months of age, well in 
advance of overt behavioral signs. This per- 
mits affected dogs to be removed from 
breeding stock, thereby reducing the inci- 
dence of this form of inherited blindness. 


The term cataract defines any loss of clar- 
ity in the lens or lens capsule, regardless of 
the exact cause or time of onset. While the 
precise mode of transmission is unresolved 
in most breeds, it is clear that in several 
strains of dogs there is a heritable predispo- 
sition for cataracts. Cocker Spaniels are most 
commonly affected, with one study identify- 
ing lens opacities in 88% of the dogs exam- 
ined. Beagles, Boston Terriers, Staffordshire 
Terriers, Old English Sheepdogs, Miniature 
Schnauzers, Poodles (all sizes), Fox Terriers 
and Afghans also show increased incidence 
of congenital primary cataracts. Congenital 
cataracts appear occasionally in cattle, and 
rarely in horses and cats. 

Most Siamese cats have a medial devia- 
tion of the eyeballs, medial strabismus, and 
a few have a fine rapid involuntary oscilla- 
tion called a pendular nystagmus. For nor- 
mal vision there is a very precise anatomical 
relationship between the afferent visual 
pathway from the retina into the central 
nervous system and the efferent neurons that 
innervate the muscles that move the eye. 
Interneuronal connections from the visual 
cerebral cortex to the motoneurons in brain 
stem nuclei of cranial nerves III, IV, and VI 
cause the eyes to move conjugately together 
so that the appropriate portion of the retina 
of each eye will receive the light stimulus 
from the object being viewed. This will be 
the medial retina of the eye on the same side 
as the object and the lateral retina of the 
opposite eye. 

In the normal cat about 65% of the axons 
in each optic nerve cross in the optic chiasm 
and project to the contralateral lateral genic- 
ulate nucleus. These come from neurons in 
the medial portion of each retina. Axons 
projecting from the lateral part of the retina 
do not cross in the optic chiasm. Rather, 
they terminate in the ipsilateral lateral ge- 
niculate nucleus. Thus, objects observed in 
the left area of the visual field stimulate 
neurons in the medial retina of the left eye 
and lateral retina of the right eye. These 
impulses will be conducted centrally to the 
right lateral geniculate nucleus and ulti- 
mately stimulate cortical neurons in the 
right cerebrum where binocular integration 
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and visual perception occur. Visual inputs 
from the right visual field are transmitted to 
the left cerebrum. 

Many Siamese cats have a developmental 
abnormality in this precise anatomical sys- 
tem; too many axons from each lateral retina 
cross in the optic chiasm. Developmentally 
this causes changes in the anatomical organ- 
ization of neurons in the lateral geniculate 
nuclei and the visual cortices. As a result, 
different points in space project to the same 
site in the visual cortex. In order to unscram- 
ble this abnormal input, the inappropriate 
cortical projections are functionally sup- 
pressed in many Siamese cats. While this 
permits normal vision, with reduced binoc- 
ularity, the link to ocular efferents remains 
abnormal and results in the strabismus and, 
occasionally, nystagmus. 

This condition is due to incomplete 
expression of the gene for albinism. Most 
true albinos, white tigers, the pearl mink and 
Siamese cats show this anomaly. The light 
coat color of the Siamese is a temperature- 
sensitive variant for the albinism gene. 
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Formation of the Peripheral Nervous 
System 


Shortly after the fusion of the neural folds 
and separation of the neural tube from over- 
lying surface ectoderm, a population of cells 
derived from the neurepithelium conden- 
ses dorsal to the tube. This population, 
which is called the neural crest (Fig. 7.1), 
forms most of the cells, including neurons 
and Schwann cells, located in the peripheral 
nervous system (PNS). 

Subsequently all neural crest cells migrate 
away from the dorsal midline. In the trunk 
region they disperse along several pathways. 
Most of them move ventrally, passing either 
between the spinal cord and somites, as 
shown in Figure 7.2, or in intersomitic 
spaces. 

Upon emerging from beneath the somites, 
some of these crest cells aggregate segmen- 
tally dorsolateral to the aorta, where they 
will subsequently form sympathetic trunk 
ganglia. Any aggregation of neuronal cell 
bodies located outside of the CNS is called 


a ganglion. As shown in Figure 7.3, other 
crest cells continue migrating ventrally to 
form the abdominal sympathetic ganglia and 
secretory cells of the adrenal medulla. 

Some neural crest cells stop their ventral 
migration as soon as they contact the som- 
ites. These will form the metameric (segmen- 
tal) spinal ganglia, which contain sensory 
neurons. In addition to forming neurons, 
crest cells form all of the accessory and glial 
cells within ganglia and all the Schwann cells 
that ensheath peripheral nerves. 

A second, smaller group of neural crest 
cells migrates laterally from the dorsal mid- 
line beneath the presumptive epidermis. 
This group will form the melanocytes (pig- 
ment cells) of the integument. Pigment cells 
associated with visceral organs and mesen- 
teries are also of neural crest origin. 

There are two exceptions to this basic 
pattern of neural crest development. First, 
some crest cells emigrating from the sacral 
level of the spinal cord and the caudal part 
of the brain (occipital level) invade the wall 
of the gut and other internal organs and 
blood vessels. Those that populate the length 
of the gut form ganglia of the enteric plexus. 
Other crest cells from these regions develop 
into the parasympathetic ganglia, which are 
located in tissues throughout the body (see 
Autonomic Nervous System, Parasympa- 
thetic Components). 

The second exception is that some of the 
neural crest cells arising from the cephalic 
neural folds have a much broader range of 
derivatives. In addition to forming most of 
the peripheral neurons in the head, these 
crest cells contribute to the development of 
facial skeletal and connective tissues, as will 
be discussed in Chapter 9. 
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Figure 7.1. Early migration of neural crest cells. A is a transverse section at the level of the 8th 
somite from a 14-somite feline embryo. Crest cells are beginning to emigrate from the roof of the 
neural tube. B is a dorsal view of a chick embryo from which the dorsal surface ectoderm has been 
removed to reveal the spinal cord and somites. White arrows illustrate the leading edge of the 
migrating neural crest population, some of which (black arrows) are contacting somites. The cranial 
end of this embryo is to the right. (B courtesy of K Tosney.) 


CLASSIFICATION OF PERIPHERAL 
NERVES 


The PNS consists of motor or efferent 
components that conduct impulses away 
from the CNS, and sensory or afferent com- 
ponents that conduct impulses towards the 
CNS. Most nerves contain both kinds of 


fibers, and it is not possible to functionally - 


identify individual axons unless neuroana- 
tomic mapping or electrophysiological 
methods are used. 

Virtually every tissue in the body except 


the CNS is innervated by efferent and affer- 
ent neurons, although the relative numbers 
of each type varies greatly. Muscle, for ex- 
ample, has a large number of efferent ter- 
minals, with fewer afferent endings present. 
Conversely, the integument primarily re- 
ceives afferent innervation, although effer- 
ent neurons to peripheral blood vessels, skin 
glands, and feather or hair muscles are pres- 
ent. 

Separation of the PNS into afferent and 
efferent components distinguishes two sub- 
divisions that are both functionally and, as 
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Figure 7.2. Transverse section at the 8th somite of a 24-somite cat embryo. Some crest cells are 
moving ventrally between the dispersing sclerotome and wall of the neural tube. Others, the 
prospective melanocytes, are moving laterally between the surface ectoderm and somites. The 
primordia of the spinal ganglia have ceased their ventral migrations. 
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Figure 7.3. Schematic transverse section at the midthoracic level showing the principal sites of 
neural crest cell distribution. All except those in the gut wall are derived from the thoracic spinal cord; 
the enteric population migrated caudally along the gut from the occipital level of the brain. 


shown in Figure 7.4, anatomically very dif- 
ferent. Motor neuron dendritic zones and 
cell bodies are located in the CNS or in 
peripheral ganglia and their axons extend to 
target tissues. In contrast, the dendritic zones 
of sensory neurons are located in peripheral 
tissues and the axons project centrally. The 


cell bodies of most afferent neurons are lo- 
cated in spinal and cranial sensory ganglia. 
The exceptions are those associated with 
vision and olfaction, which are found in the 
retina and olfactory epithelium. These are 
not derived from the neural crest. 
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being visceral or somatic. Originally this 
subdivision was based on whether their pe- 
ripheral terminals (efferent telodendria or 
afferent dendritic zones) were located in tis- 
sues derived from splanchnopleure, i.e. vis- 
ceral tissues, or somatopleure, i.e. body wall 
tissues. 

However, the term visceral includes in- 
nervation of all involuntary muscles, includ- 
ing those of peripheral blood vessels and the 
integument, parts of which are derived from 
somatic mesoderm or, in the head, from the 
neural crest. In these cases the categorization 
of visceral versus somatic innervation is usu- 
ally assigned based on analogous tissues in 
the trunk. As a general rule, somatic afferent 
and somatic efferent neurons innervate vol- 
untary muscles and related connective tis- 
sues plus structures in which ectodermally- 
derived epithelia are present (skin, mouth, 
most sense organs). Visceral efferent neu- 
rons are involved with control of involun- 
tary muscle movement in the digestive tract, 
glands and the cardiovascular system. Vis- 
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ceral afferent fibers project to these same 
tissues. 


SOMATIC EFFERENT AND SOMATIC 
AFFERENT SYSTEMS 


Voluntary muscles in the vertebrate body 
are derived from paraxial mesoderm, which 
includes the somites in the trunk region and 
similar but less well developed condensa- 
tions of paraxial mesoderm in the head. 
These muscles are striated and are inner- 
vated by somatic efferent neurons. The so- 
mata and dendritic processes of these neu- 
rons are located in the ventral gray column 
of the spinal cord or within discrete motor 
nuclei in the brain stem, and their axons 
project directly to target muscles. 

Somatic efferent neurons are among the 
earliest neural cells to develop in the em- 
bryo. The first of these axons begin to 
emerge from the ventrolateral margin of the 
neural tube shortly after neurulation. The 
pattern of axon emergence is always segmen- 
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Figure 7.4. The anatomical organization of somatic efferent and afferent components of the 
peripheral nervous system. (Redrawn after Mader, 1976.) 
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Figure 7.5. The formation of peripheral myelin. A and B show a Schwann cell enveloping and then 
wrapping around an axon. Subsequently, the original outer surfaces of the Schwann cell membrane 
will fuse and most of the cytoplasm will be removed from all but the outmost layer of the cell. C is an 
electron micrograph of the ventral root from a neonatal puppy. The Schwann cell (S.C.) in the center 
is enveloping an axon. Numbered arrows indicate progressive stages of myelin deposition in adjacent 
efferent axons of this root. Nuc., nucleus of Schwann cell. (Courtesy of John F. Cummings.) 


tal, even though the somata are usually dis- 
tributed continuously along the ventral gray 
column of several segments. The growth 
cones of these axons often establish contacts 
with immature myogenic mesenchyme cells 
before the latter have moved to their defin- 
itive location. 

As soon as they emerge from the neural 


tube, bundles of somatic efferent axons are 
enveloped with Schwann cells. Later the 
bundles become separated into individual 
axons, a process called  fasciculation. 
Schwann cells ensheathing each axon begin 
to wrap around the axon and deposit myelin, 
as shown in Figure 7.5. 
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mation about any physical or chemical stim- 


ulus impinging upon the animal. These are 


called exteroceptive functions, and involve 
receptors in the skin. In the head there are 
somatic afferents projecting to specialized 
mechanoreceptors associated with the ves- 
tibular and auditory systems as well as pho- 
toreceptors in the eye and, in lower verte- 
brates, the pineal. 

Somatic afferent neurons projecting to 
voluntary muscles and associated connec- 
tive tissues (fasciae, tendons), or to ligaments 
and joint capsule tissues mediate propri- 
oceptive functions. These provide informa- 
tion necessary for control of posture and 
movement intensity. 

In the trunk the somata of these afferent 
neurons are located in spinal ganglia asso- 
ciated with the segmental spinal nerves. Cra- 
nial ganglia with sensory function are less 
regular in their location than the segmental 
spinal ganglia. Some of their neurons are 
derived from thickenings of the lateral sur- 
face ectoderm called neurogenic placodes 
(Fig. 7.6 and 7.7) rather than from the neural 


crest. For example, the vestibular and coch- 
lear (spiral) ganglia are formed entirely from 
cells that break away from the medioventral 
wall of the otic placode. The functional sig- 
nificance of this dual origin of cranial affer- 
ent neurons is not known. 

Neurons in sensory ganglia are initially 
bipolar, with peripheral and central projec- 
tions emerging from opposite sides of the 
soma. As the cells mature these two out- 
growths join together, and remain attached 
to the soma only by a single convoluted stem 
axon. Thus, sensory impulses traveling cen- 
trally from the skin can enter the CNS di- 
rectly, without involvement of the neuronal 
cell body. The central projections from 
spinal ganglia course through dorsal roots 
and enter the spinal cord segmentally. Most 
of these axons have their synapses upon 
neurons in the dorsal grey column. 


AUTONOMIC NERVOUS SYSTEM 
While the axons of the somatic efferent 
system project from cell bodies located 
within the CNS directly to their target mus- 


Figure 7.6. Neurogenic placodes. A shows neuroblasts (arrow) breaking away from the epithelium 


ato individual i c [^ 
of the otic cup in a 2-day quail embryo. These neuroblasts will subsequently form neurons in the ee 


fasciculation. ; : : 

un bedi vestibular and cochlear ganglia. The wall of the myelencephaion is to the left. Cr. card. v., cranial 
ch axon begin cardinal vein. B illustrates the development of neurons forming the geniculate (VIIth cranial nerve) 
leposit myelin, ganglion. These arise from surface ectoderm located close to site of contact by the first pharyngeal 


pouch (pp1) in a 3-day chick embryo. Arrow indicates afferent axons. (From D’Amico-Martel and 


ransmit infor- Noden, 1983.) 


i n n 
E 


126 EMBRYOLOGY OF DOMESTIC ANIMALS 


NEURAL CREST CELLS 


LOCATION 
DERIVATIVES 


Ciliary 


Trigeminal 


Proximal VII (Root) 
Ethmoidal 
Sphenopalatine 


Proximal IX 
(Superior) 


Proximal X 
(Jugular) 


PLACODES 


LOCATION 
DERIVATIVES , 


Trigeminal 


«X Distal VII 


(Genicutate) 


«——— Distal IX 
(Petrosal) 


I = 
NL — —— Vestibulo-acoustic 


-«—— —- Distal X 
(Nodose) 


Figure 7.7. Schematic drawing showing the locations of neural crest and placodal primordia of 
cranial ganglia in a neurula-stage avian embryo. The ciliary, ethmoidal and sphenopalatine contain 
parasympathetic second neurons; all the rest are sensory ganglia. The avian acoustic (cochlear) 
ganglion is homologous to the mammalian spiral ganglion. (From D'Amico-Martel and Noden, 1983.) 


cles, the visceral efferent network always 
involves at least two neurons, as shown in 
Figure 7.8. One cell body is in the CNS, the 
other is in a peripheral ganglion. Collectively 
the visceral efferent neurons are part of the 
autonomic (involuntary) nervous system. 
Visceral afferent neurons and interneurons 
in the spinal cord and brain, especially the 
hypothalamus, are also included in the au- 
tonomic nervous system. 

The peripheral component of the auto- 
nomic system has three principal subdivi- 
sions, the sympathetic, parasympathetic and 
enteric systems. All share severa] common 
properties. Each has both a first or pregan- 
glionic neuron and one or more second neu- 
rons. The soma of a preganglionic neuron 
is located in the intermediate gray column of 
the spinal cord or equivalent nucleus of the 
brain, and its axon projects onto the cell 
body of the second neuron, which is located 


in a peripheral ganglion. The axon of the 
second neuron is the postganglionic axon; it 
usually projects to the target tissue. All sec- 
ond neurons are derived from the neural 
crest. 


Sympathetic Components 


The sympathetic cells of the visceral effer- 
ent system are generally concerned with the 
response of the body to stress. Sympathetic 
preganglionic neurons are all located in the 
intermediate gray column of the spinal cord 
between the Ist thoracic and 4th lumbar 
segments. For this reason the sympathetic 
system is often referred to as the thoracolum- 
bar component of the autonomic nervous 
system. 

Sympathetic preganglionic axons course 
through the ventral gray column and white 
matter (marginal zone) then enter the ven- 
tral roots. After a short distance these vis- 
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ceral efferent axons diverge from the ventral 
roots and enter the communicating (visceral) 
rami, which are short, segmented nerves 
(Fig. 7.8) connecting the thoracolumbar 
spinal nerves with the sympathetic trunk. 
The paired sympathetic trunks (Fig. 7.9) are 
longitudinal nerves located ventrolateral to 
the vertebrae. Situated segmentally along 
these trunks are sympathetic trunk ganglia, 
also called the chain or paravertebral gan- 
glia. Within the sympathetic trunk ganglia 
are cell bodies and dendritic processes of 
sympathetic second neurons. While most 
preganglionic fibers within each communi- 
cating ramus synapse upon second neurons 
in the closest trunk ganglion, others project 
longitudinally to other segments or else pass 
through the chain ganglia and join splanch- 
nic nerves. Preganglionic axons in splanch- 
nic nerves then synapse upon second neu- 
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rons in abdominal sympathetic ganglia lo- 
cated near the major abdominal branches of 
the aorta (celiac, cranial and caudal mesen- 
teric ganglia). 

There are several alternate courses that 
axons projecting from neurons in the sym- 
pathetic trunk ganglia can follow: (a) dor- 
sally through communicating rami to join 
spinal nerves (Fig. 7.8) and reach target tis- 
sues in or near the integument, (b) ventrally 
via splanchnic nerves to abdominal visceral 
organs, or (c) longitudinally within the sym- 
pathetic trunk to exit and join spinal or 
splanchnic nerves at a different level. Post- 
ganglionic axons from the abdominal sym- 
pathetic ganglia project to visceral organs. 

The embryonic caudal cervical and first 
three thoracic trunk ganglia fuse to form the 
cervicothoracic ganglion. Cranial to this 
along the cervical sympathetic trunk are 
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Figure 7.8. Schematic section at the thoracic level of the spinal cord illustrating the anatomical 
organization of somatic and visceral (red) components of the peripheral nervous system. 
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Figure 7.9. Organization of the-sympathetic nervous system. Preganglionic axons from the spinal 
cord leave the ventral roots and enter a sympathetic trunk ganglion via a communicating ramus. 
These axons may synapse upon a second neuron in the closest trunk ganglion, may travel cranially 
or caudally along the sympathetic trunk to a different trunk ganglion, or may pass through the 
ganglion and synapse upon a neuron in an abdominal plexus ganglion. Only ventral roots Tı-L; carry 
preganglionic axons. Trunk ganglia located cranial or caudal to these levels receive their inputs from 


axons running in the sympathetic trunk. 


similar aggregates of second neurons, the 
middle cervical and cranial cervical ganglia. 
Preganglionic axons to these two ganglia 
travel cranially along the sympathetic trunk 
from the thoracic spinal region. There are 
no sympathetic visceral efferent axons em- 
anating from the cervical spinal cord. 

The communicating rami between the 
spinal nerves T; through L, and the thora- 
columbar sympathetic trunk will contain 
both preganglionic and postganglionic ax- 
ons. The remainder of the lumbar and the 
sacral communicating rami will contain 
only postganglionic sympathetic axons that 


project from caudal thoracic and lumbosac- 
ral trunk ganglia to the spinal nerves serving 
the caudal part of the animal. 

In the cervical region the vertebral nerve 
serves as a communicating ramus for post- 
ganglionic axons coursing from the cervico- 
thoracic ganglion to cervical spinal nerves. 
This nerve passes with the vertebral artery 
through the transverse canal, and is closely 
associated with segmental cervical spinal 
nerves as they emerge from the interverte- 
bral foramina. Postganglionic axons of the 
vertebral nerve join these spinal nerves and 
project to smooth muscles in neck region. 
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Other branches from the cervicothoracic 
ganglion pass to the ventral branches of the 
spinal nerves that form the brachial plexus 
for distribution to the thoracic limb. 

Most of the axons in the cervical part of 
the sympathetic trunk are preganglionic, 
arising from neuronal cell bodies in the first 
four or five thoracic spinal cord segments. 
These synapse in the cranial cervical gan- 
glion, from which postganglionic axons pro- 
ject in plexuses along blood vessels and via 
cranial nerve branches to cephalic struc- 
tures. 

The first and second neurons of the sym- 
pathetic nervous system utilize different 
neurotransmitters. Preganglionic teloden- 
dria release acetylcholine, for which there 
are specific receptors on the postsynaptic 
cell. In contrast, most sympathetic second 
neurons release norepinephrine at their distal 
terminals. 

In addition to forming sympathetic sec- 
ond neurons, some midthoracic level neural 
crest cells form the secretory chromaffin cells 
in the medulla of the adrenal (suprarenal) 
gland. These crest cells are innervated by 
preganglionic sympathetic neurons, and 
release norepinephrine and epinephrine 
upon stimulation. Thus, they are biochemi- 
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cally similar to the sympathetic second neu- 
rons, but lack neuronal processes. 


Parasympathetic Components 


The parasympathetic visceral efferent sys- 
tem is generally concerned with normal ho- 
meostatic regulation of visceral functions. 
Preganglionic cell bodies (first neurons) are 
located in brain stem nuclei and their fibers 
emerge with several cranial nerves (n. III, 
oculomotor; n. VII, facial; n. IX, glossopha- 
ryngeal; n. X, vagus; ahd n. XI, accessory). 
In addition there are parasympathetic first 
neurons in the sacral segments of the spinal 
cord. Because of this arrangement, the para- 
sympathetic system is sometimes referred to 
as the craniosacral component of the auto- 
nomic system. 

Both the location and biochemical com- 
position of parasympathetic second neurons 
are different from those of sympathetics. As 
a rule these neurons are located in or close 
to the wall of the organ innervated and have 
very short axons. Most of them are cholin- 
ergic, i.e. they release acetylcholine at their 
terminals. Parasympathetic and sympathetic 


second neurons are both derived from the. 


neural crest. 
In the sacral region, shown in Figure 7.10, 
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Figure 7.10. Organization of sacral parasympathetic and sympathetic visceral efferent components. 


The preganglionic component of the sympathetic network would be located in the intermediate gray 


column of the thoracolumbar spinal cord. 
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preganglionic neuronal cell bodies derived 
from the germinal layer of the neural tube 
are located in the intermediate grey column. 
Their axons enter segmental ventral roots 
and spinal nerves. These axons branch off 
the sacral spinal nerves to form the pelvic 
nerve, which courses to the urogenital or- 
gans and caudal part of the digestive tract. 
Parasympathetics are more numerous and 
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diffuse in the head region (Figs. 7.11 and 
7.12). The largest component is in the vagus 
(Xth cranial) nerve, which contains para- 
sympathetic preganglionic visceral efferent 
axons that terminate on second neurons lo- 
cated in viscera throughout the thoracic and 
abdominal regions. This large nerve also 
contains axons having other functions, in- 
cluding many visceral afferent axons plus, 
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Figure 7.11. . Parasympathetic visceral efferent components of the vagus nerve. At the top is shown 


a schematic transverse section of the medulla. 
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Figure 7.12. Autonomic innervation of the pupillary muscles. In the sympathetic component, the 
first neurons are located in the intermediate gray column of the cranial thoracic spinal cord. Their 
axons course through adjacent trunk ganglia and the sympathetic trunk to the cranial cervical 
ganglion; here they synapse upon second neurons whose postganglionic axons join with other cranial 
nerves and project to the dilator muscles of the pupil. Parasympathetic first neurons are located 
within the mesencephalon (oculomotor nucleus). These preganglionic axons project via the oculomotor 
(Illrd) cranial nerve to the ciliary ganglion, where they terminate upon second neurons. Axons from 
the latter project to the constrictor muscles of the pupil. 


in the cranial region, somatic efferent axons 
that innervate muscles of the pharynx, lar- 
ynx, and esophagus. 

The preganglionic neuronal cell bodies 
associated with the vagus nerve are derived 
from the germinal layer of the neural tube 
in the medulla and develop in the region of 
the mantle layer that corresponds to the 
intermediate gray column of the thoraco- 
lumbar spinal cord. These cell bodies form 
the parasympathetic or visceral motor nu- 
cleus of the vagus nerve. The preganglionic 
axons grow out of the medulla in the rootlets 
of the vagus nerve and course caudally in 
association with the cervical part of the sym- 
pathetic trunk. This nerve segment is called 
the vagosympathetic trunk. 

As it passes through the thoracic inlet 


branches of the vagus supply the heart. The 
parasympathetic axons in these branches ter- 
minate in telodendria in the wall of the heart 
at the site of the second order neurons, 
which are derived from neural crest cells 
that arose at the levels of somites 1 and 2. 
This corresponds to the location of the heart 
primordium at the time of neural crest mi- 
gration, during the neurula stage. The cell 
bodies of these second order neurons are 
clustered in ganglia and have short postgan- 
glionic axons that terminate on cardiac mus- 
cle cells. The vagus nerves continue through 
the thorax in close approximation to the 
esophagus and project caudally, contribut- 
ing to the plexus of nerves that follow blood 
vessels to the various organs in the abdomen. 
In no instances do synapses occur until the 


132 EMBRYOLOGY OF DOMESTIC ANIMALS 


preganglionic axons enter the wall of the 
target. 


Enteric System 


The neurons located in the wall of the gut 
are often categorized together with other 
parasympathetic second neurons. They do 
share a common embryonic origin, being 
derived from cranial (myelencephalic) and 
sacral neural crest cells. Also, some are cho- 
linergic. However, these enteric neurons are 
unique in many ways. 

The wall of the gut has as many neurons 
(approximately 10° in humans) as the spinal 
cord. Since there are only a few thousand 
axons in the vagus nerve, very few enteric 
neurons receive a direct input from the CNS. 
In fact, most of these neurons project to one 
another. In addition the enteric ganglia are 
biochemically extremely heterogeneous, 
there being over a dozen different neuro- 
transmitters already identified. 

The enteric system has two, intercon- 
nected subdivisions. Ganglia and axons lo- 
cated circumferentially between the circular 
and longitudinal muscles of the gut wall 
constitute the myenteric ganglion and 
plexus; those located deep to the muscular 
layers form the submucosal ganglion and 
plexus. The function of these plexuses is to 
maintain craniocaudal peristaltic waves of 
contraction. Except in the esophagus this 
system can operate independent of pregan- 
glionic input, which normally serves to co- 
ordinate enteric activity with eating and 
digestion. 


Visceral Afferents 


All visceral afferent neurons are derived 
from the neural crest, and their axons often 
accompany visceral efferent axons to inner- 
vate the same tissues. In many cases, espe- 
cially with respect to sensory innervation of 
abdominal and thoracic tissues, the afferent 
cell bodies are located in cranial and spinal 
ganglia over a considerably greater length of 
the body than would be predicted from map- 
ping of visceral efferent fiber origins. There 
are also some visceral afferent cell bodies 
located in the wall of the gut. Based on their 


unique functions, afferent axons that inner- 
vate chemoreceptors of the olfactory epithe- 
lium, tongue, pharynx and palate are some- 
times categorized as special visceral affer- 
ents, even though these target tissues are not 
of splanchnopleuric origin. 


CONTROL OF NEURAL CREST CELL 
MIGRATION 


The translocations of neural crest cell are 
not random. Rather they are both highly 
patterned and specific for each axial level of 
the embryo. For example, crest cells emi- 
grating from the thoracic neural tube mi- 
grate metamerically towards the aorta but 
do not go futher ventrally and do not reach 
the level of the gut. In contrast many of the 
crest cells leaving the caudal brain stem or 
sacral spinal cord levels move to the wall of 
the gut. 

It is possible to analyze how these dispar- 
ate migratory behaviors are controlled by 
surgically manipulating either the crest cells 
or the embryonic tissues around them. For 
example, when avian premigratory thoracic 
crest cells are grafted in the place of brain 
stem (myelencephalic) crest cells, they mi- 
grate to and along the gut, where they sub- 
sequently form parasympathetic and enteric 
neurons. Thus, the grafted crest cells move 
and differentiate in accordance with their 
new location. These experiments, and many 
others of a similar design, have proved that 
it is the embryonic environment into and 
through which crest cells migrate that dic- 
tates the course of their movements. 

The complete displacements of crest cells 
are accomplished by two mechanisms: active 
cell migration and passive translocation. In- 
ert objects such as microscopic latex beads 
will, if implanted in pathways normally tra- 
versed by neural crest cells, partially mimic 
the apparent movements exhibited by crest 
cells. These data further indicate the critical 
role of other cell populations and extracel- 
lular matrix components in the morphogen- 
esis of the neural crest (see Fig. 9.4). 

The most complex aspect of neural crest 
distribution is that involved with establish- 
ing patterns of pigmentation. Transplanta- 
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tion experiments have shown that crest cell 
populations from any part of the body 
placed into a different region of the embry- 
onic integument will form pigment patterns 
appropriate to their new location (Fig. 7.13). 
The full expression of individual and spe- 
cies-specific patterns of pigmentation is 
largely the result of differential expression of 
crest-derived melanocytes rather than the 
embryonic distribution of prospective pig- 
ment cells. This variable expression of genes 
responsible for pigment formation and dep- 
osition is controlled by the integument. How 
the somatopleure is programmed to elicit 
the many striking and unique pigment pat- 
terns found in vertebrates is not known. 


CONTROL OF AUTONOMIC NEURON 
DIFFERENTIATION 


The development of second neurons of 
the autonomic nervous system proceeds in 
three phases. First is determination, the com- 
mittment to develop into an autonomic neu- 
ron. The second phase is cytodifferentiation, 
which is the appearance of biochemical char- 
acteristics unique to a sympathetic or para- 
sympathetic neuron. This is followed by 
maturation, the elevation of these character- 
istics to adult levels. 

It is not known whether determination 
occurs before or during migration of crest 
cells, or possibly, may involve a series of 
programming events occurring throughout 
this period. Several experiments have been 
done in which neural crest cells are excised 
and grown in culture alone or in combina- 
tion with other tissues. It was found that 
when somites were co-cultured with the crest 
cells many of the latter formed neurons con- 
taining norepinephrine, which is the princi- 
pal neurotransmitter of peripheral sympa- 
thetic neurons. In contrast, when crest cells 
are co-cultured with pieces of the gut they 
form the various types of neurons normally 
found in enteric ganglia. These experiments 
led to the conclusion that tissues encoun- 
tered during the migratory phase of crest cell 
development play a causal role in their de- 
termination as autonomic neurons. The 


Figure 7.13. A 2Vz-year-old White Leghorn 
rooster with an ectopic, pigmented wing. This 
chimera was created by combining embryonic 
wing skin from a White Leghorn with peritoneal 
melanocytes from a Barred Plymouth Rock em- 
bryo, and grafting the tissues to the dorsal midline 
of a Leghorn host embryo. The pattern and colors 
of pigmentation in the extra wing are character- 
istic of a normal Barred Rock wing. These data 
indicate that White Leghorns are colorless be- 
cause their neural crest cells are unable to form 
normal melanocytes. Of more importance, this 
experiment proves that the spatial and temporal 
expression of melanocytes (i.e. patterns of spots, 
Stripes, barring, etc.) is normally controlled by the 
integument. (From Rawles ME: Physiol Zool 
18:1-16, 1945). 


transplant experiments described earlier 
support this conclusion. 

More recent analyses using monoclonal 
antibodies directed against autonomic neu- 
rons have revealed that some crest cells have 
unique, neural-specific determinants on 
their surfaces during their initial dispersal 
from the neural folds. These data raise the 
possibility that the neural crest is a mosaic 
of determined subpopulations. However, 
autonomic neurons are unusual in that some 
of them can switch from cholinergic to ca- 
techolaminergic, and vice versa, even during 
early postnatal periods. It is not known why 
the cells remain capable of modulating their 
phenotype, but these data indicate that early 
phenotypic expressions of crest cells may be 
transient. 

Even after sympathetic neurons have be- 
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gun to express their unique biochemical 
properties, they are dependent upon inter- 
actions for their maturation. Figure 7.14 
outlines the results of a series of experiments 
that examined the effect of cutting either the 
pre- or the postganglionic sympathetic axons 
on the activity of neurotransmitter-synthe- 
sizing enzymes in cranial cervical ganglia. 
Preganglionic nerve endings in the ganglia 
contain the enzyme choline acetyl transfer- 
ase (CAT), and cell bodies of the second 
neurons contain tyrosine  hydroxylase 
(TOH), the first enzyme in the synthesis of 
norepinephrine. 

As the data in Figure 7.14C show, cutting 
either the preganglionic or the postgan- 
glionic axons prevents the normal matura- 
tion of enzymes in BOTH types of neurons. 
One component involved in the maturation 
process is the protein nerve growth factor 
(NGF). It has been known since the early 
1950s that all sympathetic and some periph- 
eral sensory neurons are dependent upon 
NGF for their normal maturation. Adding 
exogenous NGF can ameliorate the effects 
of postganglionic axotomy on the matura- 
tion of the second neuronal population. 
Some of this sparing effect is mediated 
through circulating NGF; some is probably 
also the result of NGF incorporation at the 
site of axotomy and intracellular retrograde 
transport of NGF along the nerve fibers. 


PERIPHERAL NERVE—TARGET TISSUE 
INTERACTIONS 


Interactions between nerves and their tar- 
get tissues play essential roles in the devel- 
opment of somatic efferent and afferent neu- 
rons and voluntary muscles. As illustrated 
in Figure 7.15, more motor neurons are 
produced during early embryogenesis than 
survive. This cell death is a programmed 
feature of many neuronal populations, and 
the number of neurons that survive is influ- 
enced by the size (i.e. number of synaptic 
sites) of the target tissues. Surgically remov- 
ing one leg or adding an extra one in the 
avian embryo markedly alters the pattern of 
moton neuron cell death (Fig. 7.15). 


Conversely, removing the limb-innervat- 
ing regions of the spinal cord will result in 
the atrophy of appendicular voluntary mus- 
cles and subsequent fusion of the joints (see 
Chapter 10). Similar effects are seen if motor 
neurons fail to develop or are destroyed by 
a disease process in utero, some of which are 
discussed in the following chapter. These 
experiments illustrate the necessity of estab- 
lishing and maintaining contacts between 
nerves and their target tissues. Comparable 
interactions occur in the development of 
visceral efferents and most sensory systems, 
including the visual system. While these re- 
lationships are most important during em- 
bryonic development, loss of them at any 
time in the life of the animal may lead to 
similar degenerative conditions. 


DEVELOPMENT OF THE INNER EAR 


The ear is subdivided into external, mid- 
dle and inner regions, each of which have 
different embryonic origins. Development 
of the external and middle ear structures is 
discussed in Chapters 9 and 14. 

The inner ear consists of the membranous 
labyrinth and the vestibular and spiral 
(acoustic) ganglia associated with the VIIIth 
cranial nerve. In the embryo these are sur- 
rounded by the cartilaginous otic capsule, 
which becomes the ossified petrous and, 
postnatally, tympanic bulla regions of the 
temporal bone. 

The primordium of the inner ear is first 
visible at the Jate neurula stage as a focal 
thickening of the surface ectoderm, the otic 
placode, located immediately adjacent to the 
midmyelencephalon. This placode invagin- 
ates to form the otic cup (Fig. 7.6), which 
contacts the wall of the myelencephalon. 
The lips of the cup close, separating the otic 
vesicle (Fig. 1.6 4 and B) from the surface 
ectoderm. Neuroblasts break away from the 
ventromedial wall of the otic epithelium; 
these will form all of the neurons that inner- 
vate the inner ear. 

Shortly afterwards, a series of outpocket- 
ings from the otic vesicle establish the pri- 
mordia of the endolymphatic, semicircular 
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Figure 7.14. Control of sympathetic neuron maturation in the cranial cervical ganglion. A illustrates 
the biochemical pathways of acetylcholine and norepinephrine synthesis in the first (preganglionic) 
and second (postganglionic) components respectively. B illustrates the normal maturation of intracel- 
lular choline acetyl transferase (CAT) and tyrosine hydroxylase (TOH) in the neonatal mouse. C shows 
the effects on these enzymes of cutting preganglionic or postganglionic axons, or the results of 
adding nerve growth factor (NGF) following postganglionic axotomy. 
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Figure 7.15. Effects of augmenting or deleting avian limb muscles on the embryonic survival of 
limb-innervating somatic efferent neurons. Note that there is normally a 40% loss of motor neurons 
in the embryo, and that altering the amount of available target tissues dramatically alters the number 
of neurons that survive. In some mammals there is a second period of motor neuron degeneration 
that occurs shortly after birth. (After Hamburger and Oppenheim, 1982.) 


and cochlear ducts, as illustrated in Figure 
7.16. The central part of each diverticulum 
for the semicircular ducts closes and degen- 
erates, leaving an epithelial duct connected 


ducts are surrounded by the cartilaginous 
otic capsule, which undergoes continuous 
reshaping as the membranous labyrinth 
grows and later forms the bony labyrinth. 
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circular duct enlarges where it joins the utri- 
cle, forming an ampulla. Specialized clusters 
of receptor cells called cristae develop within 


face of the cochlear duct is attached to the 
connective tissue of the otic capsule via the 
spiral ligament. Differential reshaping of the 
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the ventral margin of the otic vesicle. The 
cochlear duct curls as it elongates, and the 


epithelial cells on one surface of the duct — 


form specialized hair cells and supporting 
elements of the spiral organ (organ of Corti). 
The embryonic vestibular and cochlear 


which are separated from one another except 
at the apical tip of the cochlear duct. The 
scala vestibuli is continuous with the peri- 
lymphatic space of the vestibule surrounding 
the utricle and saccule of the vestibular re- 
gion of the membranous labyrinth. 
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Figure 7.16. Schematic drawings showing in lateral views the sequential formation of the membra- 
nous labyrinth in a mammalian embryo of 5- to 20-mm length. (From Moore KA: The Developing 


Human, ed 3. Philadelphia, Saunders, 1982.) 


MALFORMATIONS 
Aganglionic Large Intestine 


AII neurons of the enteric plexus are de- 
rived from the neural crest, and the integrity 
of this neural network is essential for normal 
peristaltic activity of the gut. White foals 
born from crossing of overo horses show 
signs of colic within a day of birth and die 
shortly thereafter. No meconium is present 
in the bowel of these neonates. Histological 
examination reveals a complete absence of 
ganglia in the myenteric plexus in the ter- 
minal ileum, cecum and colon. Overo is a 
spotting pattern in Painted and Pinto ponies 
in which melanocyte-free areas appear pref- 
erentially in the ventral midline of the trunk 
and the distal aspects of the limbs and snout. 

A similar but usually less severe lesion of 
the enteric nervous system occurs in humans 
(Hirschsprung's disease) and in two strains 
of mice (lethal spotted and piebald lethal). 
In these situations the deficit is restricted to 
a small region of the colon or rectum. 

The correlation between certain pigment 
patterns and enteric ganglion deficiencies 
has led to the hypothesis that the primary 
genetic lesion may affect the neural crest, 
which is the precursor to both melanocytes 
and peripheral neurons. However, in vitro 
experiments using normal and lethal spotted 
mouse tissues have shown that normal crest 
cells are prevented from colonizing that re- 


gion of the gut which, in the mutant strain, 
is typically aganglionic. Thus, in this situa- 
tion it is some feature of the gut wall and 
not of the neural crest population that is 
abnormal. There are no comparable data on 
the lethal white foals. 


Defects Affecting Schwann Cells 


Inherited abnormalities affecting only the 
peripheral myelin-producing cells are rare, 
in contrast to the more frequent incidence 
of CNS myelin abnormalities. Abnormal 
production or loss of peripheral myelin leads 
to hypertrophic neuropathy, which has been 
reported as an autosomal recessive in Ti- 
betan Mastiff dogs (see Case History, page 
82). It is characterized by generalized weak- 
ness beginning between 7⁄2 and 10 weeks 
postnatally. The weakness is worse in the 
pelvic limbs and is accompanied by hypo- 
tonia and hyporeflexia. If able to walk these 
dogs display a shuffling, plantigrade gait. 
Their peripheral nerves have extensive loss 
of myelin sheaths and slower impulse con- 
duction times. A similar condition has been 
reported in humans and inbred mice carry- 
ing a gene called Trembler. 


Congenital Deafness 


Congenital deafness occurs infrequently 
in the dog (less than 0.396 incidence) and 
cat, and is rare in other domestic animals. 
In most instances the condition is due to 
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degeneration of the cochlear duct, and signs 
of hearing impairment are usually evident 
within a few weeks of birth. Dalmations have 
the highest incidence of congenital deafness, 
followed by English Setters, Australian 
Shepherds, Boston Terriers, Old English 
Sheepdogs, English Bulldogs, Norwegian 
Dunkerhunds, and Great Danes. 

Despite several attempts, it has not been 
possible to establish the mode of inheritance 
of congenital deafness in the Dalmation. In 
several other breeds it is correlated with the 
gene for the merle pigmentation pattern. 
This gene acts as an incomplete dominant 
and in the heterozygous condition it estab- 
lishes large areas of bluish gray or dilute tan 
which often have small black splotches. 
However, in the homozygous state this gene 
causes the animal to be almost completely 
white, with small, blue eyes. Many of these 
animals have severe visual as well as hearing 
impairment. The merle traits were originally 
unique to the collie, and their appearance in 
several other breeds represents a common 
collie background. Recently, the incidence 
of congenital deafness in the collie has 
dropped considerably as breeders recognize 
and avoid breeding two merle dogs. 

Congenital deafness in cats is also corre- 
lated with blue eyes and an absence of pig- 
mentation in the skin. This is the result of a 
dominant white gene that suppresses the 
deposition of melanin in the skin and iris. 


Spinal Ganglia Hypoplasia 

A sensory neuropathy occurs in English 
Pointers causing loss of pain sensitivity in 
the paws starting around 3-5 months of age. 
This leads to self-mutilation of their digits 
(acral mutilation). 

The spinal! ganglia are reduced in size due 
to a deficiency in the number of neuronal 
cell bodies. Substance P, a neurotransmitter- 
modulating peptide found in many periph- 
eral nociceptive axons, is reduced in the 
associated dorsal gray column of the spinal 
cord. A developmental hypoplasia with 
slowly progressive postnatal degeneration of 
somatic afferent neurons is present and an 
autosomal recessive inheritance is predicted 


similar to that described in short-haired 
pointers. A similar disorder occurs in chil- 
dren with familial dysautonomia and in 
“mutilated foot” rats. 
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TISSUE TYPES 


Connective tissues are derived from mes- 
odermal mesenchyme in the trunk, and both 
mesoderm and ectoderm (the neural crest) 
in the head. Included in this category are 
cartilage and bone tissues, which are formed 
by the processes of chondrogenesis and os- 
teogenesis. Mesenchymal cells that become 
chondroblasts produce type II collagen fibers 
and a ground substance whose proteoglycan 
content varies depending upon the type of 
cartilage (hyaline, elastic, fibrous) being 
formed. Hyaline cartilage is the most abun- 
dant in the embryo and is most often pro- 
duced in areas of the body where bone will 
be deposited to replace the cartilage. 

Mesenchymal cells that differentiate into 
osteoblasts produce a mixture of fibers and 
ground substance: called osteoid in which 
calcium and phosphate are precipitated in 
the process of ossification. Intramembranous 
bone is laid down in mesenchyme without a 
cartilaginous precursor. The clavicle and 
roofing bones of the skull are examples of 
this type of ossification. Endochondral bone 


is produced within and around a hyaline 
cartilaginous model. The appendicular skel- 
eton, vertebrae and bones forming the floor 
of the braincase are formed by endochondral 
ossification. 

The other types of connective tissue are 
heterogeneous, but are all derived from mes- 
enchymal populations and secrete collage- 
nous fibers and ground substances that form 
an extracellular matrix. Included in this cat- 
egory are tendons, ligaments, dermal and 
subcutaneous tissues, mesenteries, adipose 
(fat) cells, and the tissues that ensheath mus- 
cle fibers. 

The muscular system includes skeletal 
and visceral muscle. Skeletal muscle is vol- 
untary, striated muscle innervated by so- 
matic efferent nerves. Visceral muscle in- 
cludes involuntary muscle of the gut, inte- 
gument and blood vessels, most of which is 
nonstriated, and the striated cardiac muscle. 
These are innervated by visceral efferent 
peripheral nerves. Their development will 
be discussed in later chapters. 


FORMATION OF VERTEBRAE AND 
RIBS l 


Vertebrae are derived from paraxial mes- 
oderm that, beginning at the neurula stage, 
coalesces segmentally to form somites. Each 
somite has three parts: the dermatome, the 
myotome and the sclerotome (Fig. 8.1C). 
Myotomes are the source of axial, appendic- 
ular and abdominal wall musculature. Scler- 
otomes form vertebrae and ribs, and der- 
matomal cells contribute to the dermis. 

In the dog there are 40 or more somites. 
The first four are called occipital somites 
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Neural tube 


Neural crest 


Somite 
Intermediate mesoderm 


Somitocoel 


Dorsal aorta 


Notochord 


Mesonephric duct 


Notochord 
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Spinal ganglion 
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Myotome 


Coelom 
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Figure 8.1. Development of somites in the feline embryo. A shows the 8th somite from a 14-somite 
embryo cut in a transverse plane. The somitic mesoderm is epithelial and surrounds a small central 
cavity, the somitocoel. B and C illustrate the 14th and 8th somites from a 24-somite embryo, similar 
to that shown in Figure 1.4. Somites mature in a craniocaudal sequence; thus, the 8th is further 
developed than the 14th. In C the sclerotome has become mesenchymal (bar, 0.1 mm). 


and mesenchyme from these sclerotomes 
fuses together to form the occipital cartilages 
of the skull (see Chapter 9). The remaining 
sclerotomes all form vertebrae. 

The development of sclerotomes proceeds 
in a craniocaudal sequence as does chondri- 
fication of vertebrae. Ossification of the ver- 
tebrae is less precise, and in some embryos 
the thoracic vertebrae may initiate ossifica- 
tion before the cervical segments. 


In transverse section each immature som- 
ite appears triangular with a small, some- 
times indistinct central cavity, the somito- 
coel, surrounded by mesodermal cells that 
have formed an epithelium (Fig. 8.14). The 
ventromedial part of the somite is the first 
to show signs of further differentiation. 
These cells become mesenchymal in appear- 
ance, marking the initial formation of the 
sclerotome. This population expands and, 
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concomitantly, the spinal cord and noto- 
chord enlarge. The net result of these 
growths is that the ventral part of the spinal 
cord and the notochord become surrounded 
by sclerotomal mesenchyme. 

Subsequently the sclerotomal cells of each 
somite form two distinct populations: a cau- 
dal, more dense population and a cranial, 
diffuse group. Due largely to differential 
growth of these parts, the caudal cells of each 
sclerotome become contiguous with the cra- 
nial population of the adjacent sclerotome, 
as illustrated in Figure 8.2. These newly 
associated populations together form a sin- 
gle vertebra. This explains why spinal gan- 
glia and ventral roots are positioned between 
vertebrae, and myotomes span from one 
vertebra to another, and the originally inter- 
somitic arteries are subsequently found en- 
tering between the pedicles of the vertebral 
arch. 

While there is controversy concerning the 
precise fates of the two subdivisions of each 
sclerotome, it is generally accepted that the 
caudal, dense population gives rise primarily 
to the neural arch and related parts of each 
vertebra and also the intervertebral disc. The 
original cranial, less dense population, 
which joins with the dense mesenchyme of 


the adjacent sclerotome, forms most of the 
body (centrum) of the vertebra. 
Chondrification begins within each scler- 
otomal aggregate at several locations, but 
these foci soon expand and fuse with one 
another. The cartilaginous precursor of the 
centrum surrounds the notochord, uniting 
left and right vertebral primordia. Within 
each segment the notochord is almost com- 
pletely obliterated. However, between ver- 
tebrae the notochord persists and expands 
to form a central core, the nucleus pulposus, 
within the intervertebral disc. The periph- 
eral part of each disc, the anulus fibrosus 
(fibrous ring), arises from sclerotomal mes- 
enchyme. With lateral growth of the trans- 
verse and costal processes and later fusion 
of neural arch elements in the dorsal mid- 
line, the formation of the cartilaginous ver- 
tebra is complete. This occurs before birth. 
Vertebral ossification begins in the 6th 
week of gestation in the dog, slightly later in 
larger domestic animals. Primary ossifica- 
tion centers appear near the middle of each 
centrum and lateral to the spinal cord in the 
base of each neural arch (Fig. 8.3). In altri- 
cial animals, which are those like the dog 
and cat that are born in a relatively imma- 
ture condition, these ossification centers do 


Caudal condensation 
of sclerotome 


Myotome 
Notochord 


laic Figure 8.2. Resegmentation of sclerotomal mesenchyme, illustrated in a dorsal plane section 
du through the cervical region of a 12-mm sheep embryo. Note that within each somitic segment 
Fl (brackets on left) the sclerotomal mesenchyme has formed two subpopulations; that located cranially 
deg is less dense than the caudal subpopulation. Dashed bracket indicates one vertebra. 
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Figure 8.3. Ossification (dark stippie) in A and B the 3rd 
cervical and C and D 4th thoracic vertebrae of Beagle embryos 
at 40 days of gestation (A and C), and at birth (B and D). 
(From, Evans HE and Christensen GC (eds): Miller's Anatomy 
of the Dog, ed 2. Philadelphia, Saunders, 1979.) i 
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not fuse dorsally until after birth. Later in 
postnatal development, secondary ossifica- 
tion centers will appear on the periphery of 
the centrum of the vertebra to form the 
epiphyses and others may form in the distal 
tips of transverse processes. 

At the cranial end of the vertebral column 
the segmental reorganization of sclerotomal 
cells deviates from the pattern described 
above. A mesenchymal aggregate associated 
with the fifth somite, which based on its 
position should be the primordial body of 
the Ist cervical vertebra, the atlas, fuses 
instead with the cranial aspect of the 2nd 
cervical vertebra, the axis, to form part of 
its cranial articular surface and the dens. 
Thus, the body, cranial articular surface and 
dens of the axis develop from five ossifica- 
tion centers, while the small body of the 
atlas forms from only one. The presence of 
multiple ossification primordia in each seg- 
ment is not a new condition. Rather, this 
represents the last vestiges of a situation 


common to embryonic vertebrae in primi- 
tive amphibians and fishes. 

Segmental sclerotome-derived condensa- 
tions lateral to thoracic vertebrae differen- 
tiate into cartilaginous ribs located between 
the developing myotomes. The distal ends 
of the first nine cartilaginous ribs grow to- 
wards the ventral midline, where they con- 
tact one of two longitudinal concentrations 
of somatic mesoderm called sternal bars 
(Fig. 8.44). These two bars fuse in the ven- 
tral midline and undergo segmentation to 
form a series of sternebrae. A total of 8 
sternebrae normally form, although it is 
common for the caudal sternebrae to remain 
paired, as illustrated in Fig. 8.4B. Rib pairs 
10 through 13 do not reach this ventral level. 

It has been shown that contact of sternal 
bars by the distal tips of each rib (except the 
first) inhibits the hypertrophy of nearby 
chondrocytes, which is the initial step in 
endochondral ossification. As a result the 
ossification of sternebrae occurs initially be- 


Figure 8.4. Development of the canine sternum. A shows the ribs contacting a pair of cartilaginous 
sternal bars, as would be found in a 25-day embryo. B indicates how ossification centers (black 
areas) develop within the fused sternum in between sites of rib apposition. (From Evans HE, 
Christensen HE (eds): Miller's Anatomy of the Dog, ed 2. Philadelphia, Saunders, 1979.) 
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tween the attachment sites of the ribs (Fig. TISSUES EXPLANTED RESULTS 
8.4B). 


INTERACTIONS CONTROLLING AXIAL 
DEVELOPMENT 


The developmental programming of axial 
structures, including the notochord, neural A. Somites alone flow density) 
plate, and paraxial mesoderm, begins during UNDIFFERENTIATED CELLS 
gastrulation, as discussed in Chapter 4. Dur- | 
ing this stage specific tissue types, especially 
neurepithelium and somites are determined, 
and regional differences in axial tissues are Y —- 
established. However, full development of a 
the spinal cord and vertebrae requires many 
additional interactions. CARTILAGE 

Chondrogenesis by sclerotomal cells has 
been well studied. If excised and grown 
either in vitro or on the avian chorioallan- 
toic membrane, which provides a rich vas- 
cular bed, isolated chick embryonic somites 
usually fail to initiate chondrogenesis (Fig. 
8.54). However, as illustrated, following the 
addition of pieces of notochord or neural 
tube to somite cultures, sclerotomal cells do 
become chondroblasts. This response is spe- 


B. Somites 4- Notochord 


C. Somites + Neural tube 


cific and does not occur when other, non- ——— 
axial tissues are added to somite cultures. S 
These experiments demonstrate that the cy- o 


todifferentiation of sclerotomal cells is pro- D. Somites + Liver or Heart 
moted by adjacent axial tissues. 


Does this mean that the notochord causes CARTILAGE 
somite cells to become chondroblasts? Prob- wees 
ably not. Chondrogenesis occurs if large eo 
numbers of somites are cultured together in CU 
the absence of other tissues (Fig. 8.5 E). Fur- 389 — 
thermore, biochemical analyses have re- p Ae O 


vealed that both the notochord and sclero- E. somites alone (high density) 


tomal cells secrete similar types of extracel- Figure 8.5. Summarizes experiments designed 
lular materials, which are identical to the to investigate the interactions that promote chon- 
matrix components of embryonic cartilage. drogenesis within somites. The column on the 
Thus, some of the sclerotomal cells are al- /eft indicates the embryonic tissues explanted; 
ready programmed for the chondrogenic the drawings on the right illustrate the results 
. - : after several days in tissue culture. 
pathway, and interactions with the products 
released by adjacent structures coordinate and secondary neuromuscular abnormali- 
and accelerate cytodifferentiation rather ties will appear. The normal pattern of ver- 
than program it. tebral morphogenesis is severely disrupted if 
Most vertebral malformations reflect er- either the spinal ganglia or the notochord 
rors in patterning and growth of sclerotomal are not present, as shown in Figure 8.6. 
tissues. Often as a result of an initial anom- Thus, regardless of the original cause (ge- 
aly in somite segmentation, both skeletal netic, teratogenic, idiopathic), once a lesion 
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Figure 8.6. Interactions that affect segmenta- 
tion of vertebrae. A, normal pattern. B, pattern of 
development in the absence of spinal ganglia. C, 
development in the absence of the notochord. D, 
effects of removing both notochord and spinal 
ganglia prior to vertebral development. (From Hall 
BK: Developmental and Cellular Skeletal Biology, 
New York, © Academic Press, 1978.) 


occurs in one part of the developing axial 
complex it is likely to initiate a cascade of 
morphogenetic anomalies in adjacent tis- 
sues. If peripheral nerves are compromised 
as a result of the skeletal defect, their target 
tissues will also be affected. 


ORIGINS OF TRUNK AND LIMB 
MUSCULATURE 


While the skeletal derivatives of the som- 
ites are well documented, the range of my- 
otome derivatives has until recently been 
controversial. All axial and body wall mus- 
culature in primitive vertebrates is derived 
from myotomes, as is still readily apparent 
upon gross examination of body wall in 
adult fishes. However, the lack of distinct 
segmental muscles in the body wall and 
limbs of higher vertebrates, and the inability 
to find myotome cells moving ventrally to 
“seed” these areas, has permitted acceptance 
of the hypothesis that these muscles are 
formed from lateral somatic mesoderm. Re- 
cent experiments in which labeled somites 
have been transplanted in the place of ho- 
mologous somites in unlabeled chick em- 
bryos have refuted this hypothesis. It is now 
accepted that all voluntary muscles in the 
body are derived from paraxial mesoderm. 
The results of these somite transplantations 
are summarized in Table 8.1. 


Table 8.1. 
Embryonic Origins of Avian Trunk and 
Appendicular Musculoskeletal Tissues 


Embryonic origin 


Tissue Sclero- Somatic 


tome Myotome mesoderm 


Vertebrae X 
Epaxial muscles X 


Ribs X 
intercostal mus- X 
cles 
Sternum X 


Scapula X 

Clavicle and cora- X 
coid 

Humerus, radius, X 
ulna, carpals, 
metacarpals, 
phalanges 

Extrinsic limb mus- X 
cles? 

Intrinsic limb mus- X 
Cles? 


Pelvis X 
Femur, tibia, fibula, X 
tarsals, metatar- 
sals, phalanges 
Abdominal wall X 
muscles? 


* Only the muscle fibers are myotomal in origin; 
connective tissues, including tendons and fascia 
are formed from somatic mesoderm. 


CONTROL OF MYOGENESIS 


Mature striated skeletal muscle is a syn- 
cytium; each muscle cell (myotube) contains 
many peripherally located nuclei. That this 
syncytium arises by the fusion of mononu- 
cleated cells called myoblasts has been dem- 
onstrated both in vitro by direct observation 
and in vivo through the use of chimeras. A 
chimera is an individual animal that consists 
of cells derived from more than one embryo. 


Chimeras can arise. naturally, as in the free- 


martin (Chapter 19), or experimentally by 
mixing together blastomeres derived from 
different embryos and then surgically im- 
planting the chimeric morula into a pseu- 
dopregnant foster mother. 

All murine muscle cells normally have 
one of two genetically determined isozymic 
forms of the enzyme isocitrate dehydroge- 
nase (IDH). IDH is a dimer, and the mon- 
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omers that become linked together in the 
cytoplasm are products of the same gene. If 
a chimera is made using blastomeres from 
mouse strain A, in which the IDH dimer is 
type aa, and strain B, in which the IDH is 
bb, there are two possible outcomes: 


I. If only aa and bb types of IDH are found, 
then genes from the A and B strains never 
were present in common cytoplasm; or 

. If aa, bb and ab IDH dimers are detected, 
then both A and B strain genes must have 
been present in the same cytoplasm. 


w 


The results of these experiments were that 
all three dimers were found, proving une- 
quivocally that multinucleated skeletal mus- 
cle arises as a result of fusion of myoblasts. 

The normal development and mainte- 
nance of muscle is dependent on its being 
innervated. Muscle cells that are denervated 
undergo a progressive shrinkage called de- 
nervation atrophy. Animals born with local 
loss of peripheral somatic efferent nerve 
function have very little muscle in the af- 
fected area. For example, if the lumbosacral 
spinal cord fails to develop, the pelvic limb 
muscle mass will be very small. 

Prior to innervation by motor neurons 
embryonic muscle cells have many potential 
receptor areas on their surface. When inner- 
vation occurs only a single area ultimately 
persists as the neuromuscular junction. 
These extrajunctional receptor areas reap- 
pear if the embryonic cell is denervated. 


VERTEBRAL MALFORMATIONS 


Malformations of the vertebral column 
that severely compromise the fetal vertebral 
canal will cause spinal cord compression and 
the clinical signs will be present at birth or 
as soon as the animal normally begins to 
walk. However, many vertebral malforma- 
tions are less severe at birth, and begin to 
compromise the vertebral canal and com- 
press the spinal cord later as the musculo- 
skeletal system matures. Therefore, the neu- 
rologic signs may not appear until the ani- 
mal is a few months old, following which 
they progressively worsen. 

Vertebral malformations occasionally oc- 
cur with no grossly apparent deviation in 
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the vertebral column or compromise of the 
vertebral canal. For example, failure of scler- 
otomes to fully segment may result in a 
block vertebra, which is usually the size of 
two normal vertebrae. This malformation 
may involve just the vertebral bodies, the 
arches or all of the vertebra. Other abnor- 
malities in vertebral ossification may pro- 
duce shortened vertebrae but no abnormal 
angulation. These usually do not cause any 
unusual clinical signs. 


Alignment Defects 


Most vertebral malformations result in a 
grossly abnormal shape of the vertebral col- 
umn. A lateral deviation is called scoliosis. 
Deviation of the column in the sagittal plane 
is called kyphosis if vertebrae are fixed in 
flexed posture (Fig. 8.7) and lordosis if they 
are fixed in an extended posture. Usually in 
these conditions the vertebral canal is com- 
promised and the spinal cord compressed, 
resulting in paresis and ataxia in the limbs 
caudal to the site of the lesion. Except in 
severe cases, these clinical signs usually do 
not appear until a few months after birth. 
An abnormal twisting of the cervical verte- 
bral column is called torticollis (twisted 
neck), popularly termed wryneck. 

Many vertebral malformations preferen- 
tially occur at a particular axial level and 
with greater frequency in certain species or 
breeds. The following discussion is organ- 
ized according to region, and presents those 
breeds in which the incidence of specific 
anomalies is high or known to be heritable. 


Cervical Vertebrae 


OCCIPITOATLANTOAXIAL 
MALFORMATIONS 


Abnormal segmentation and develop- 
ment of the caudal occipital and cranial 
cervical sclerotomes results in an occipito- 
atlantoaxial malformation. Although this 
has been observed sporadically in most spe- 
cies, it has been recognized as an autosomal 
recessive inherited disease in the Arabian 
horse. 

In this malformation the atlas is unilat- 
erally or bilaterally fused to the occipital 
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Figure 8.7. Radiograph illustrating kyphosis at the 8th and 9th thoracic vertebrae in a dog. 


bone and its transverse processes (wings) are 
markedly reduced in size, as shown in Figure 
8.8. The atlantal foramen is narrowed and 
the caudal articular foveae are rounded, re- 
sembling occipital condyles. Thus, the atlas 
appears to have developed partly like the 
occipital bone. The axis has broad transverse 
processes which are normally a feature of 
the atlas. The dens and cranial articular 
surface of the axis is usually displaced (lux- 
ated) beneath the body of the atlas. 

Due to the marked narrowing of the for- 
amen magnum and vertebral canal at the 
atlantoaxial level and concomitant spinal 
cord compression, these foals usually cannot 
get up at birth or are very paretic and ataxic. 
Some foals walk normally at birth but in a 
few months develop an abnormal gait due 
to spinal cord compression. The malforma- 
tion of the atlantooccipital joint can be rec- 
ognized by an abnormally extended head 
posture and an inability to manually flex the 
joint. The abnormal shape of the wings of 
the atlas can be palpated. In young foals 
manipulation of this area may elicit a click- 
ing sound due to the subluxation of the axis 
on the atlas. 


HYPOPLASIA OF THE DENS 


Atlantoaxial subluxation (Fig. 8.9) is most 
commonly seen in puppies and young adults 


of toy breeds of dogs. Subluxation occurs 
due to absence of the dens and failure of 
ligamentous support. This causes spinal cord 
compression that can occur either suddenly, 
sometimes associated with mild trauma, or 
progressively. It is not known whether this 
condition results from a congenital aplasia 
or hypoplasia of the dens or from a postnatal 
degeneration. 


MIDCERVICAL MALFORMATIONS 


A malformation-malarticulation of cervi- 
cal vertebrae occurs in young, rapidly grow- 
ing horses of most breeds, with a higher 
incidence claimed in male thoroughbreds. 
This most commonly involves the 3rd and 
4th cervical vertebrae but may affect verte- 
brae cranial or caudal to this site. The char- 
acteristic feature of this abnormality is a 
reduction in the size of the cranial or caudal 
opening of the vertebral foramen, often as- 
sociated with an excessive flexion of the 
involved joint. The spinal cord lesion result- 
ing from the associated compression is a 
focal myelopathy. Therefore, this cause of 
paresis and ataxia is referred to as cervical 
stenotic myelopathy. Both genetic and nu- 
tritional factors have been implicated in the 
appearance and severity of this condition. 

Because these horses have an unsteady 
gait, especially with their pelvic limbs, they 
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Abnormal 
Normal 


Figure 8.8. Occipitoatlantoaxial malformation in the Arabian foal. Left, a normal foal's skull, atlas 
(C,) and axis (C2), disarticulated and viewed from a dorsal perspective. On the right is a similar view 
of an affected Arabian foal in which the atlas is fused to the occipital condyles and is “occipitalized,” 
the axis is “atlantalized,” and the foramen magnum is reduced. Note the reduced transverse processes 
of the atlas. = 


Figure 8.9. Radiograph showing subluxation of the axis in a 9-month-old female Miniature Poodle 
with absence of the dens. Note particularly the abnormal relationship between C, and C;. 


150 EMBRYOLOGY OF DOMESTIC ANIMALS 


are often called wobblers. However, it is 
important to recognize that there are many 
diseases that affect the cervical spinal cord 
and might cause an animal to wobble. 

A sex-linked, recessively inherited malfor- 
mation affecting the C2-C; or C3—C, articu- 
lation has been described in male Bassets. It 
is characterized by stenosis of the vertebral 
canal with subsequent spinal cord compres- 
sion. Clinical signs usually occur by a few 
months of age and are progressive. We have 
observed a Basset with this disease in which 
there was stenosis of the cranial orifice of 
the second through the fifth cervical verte- 
brae. 


CAUDAL CERVICAL 
MALFORMATIONS 


A caudal cervical vertebral malformation- 
malarticulation syndrome has been recog- 
nized in dogs, most commonly in Doberman 
Pinschers and Great Danes, and sporadically 
in other, usually large canine breeds. The 
5th, 6th and/or 7th cervical vertebrae are 
most commonly affected. A narrowing of 
the cranial orifice into the vertebral foramen 
is a common finding, as shown in Fig. 8.10, 
although the spinal cord compression may 
result from other abnormalities of the ver- 
tebra, the intervertebral disks or ligaments 
associated with these vertebrae. Occasion- 
ally, excessive movement of the vertebrae 


on flexion of the neck results in a slight 
subluxation. Some of these abnormalities 
may result from developmental problems, 
others are secondary effects of the mild ma- 
larticulation that persists as the animal 
grows. 

The cause of the primary abnormality is 
probably complex. Genetic factors are sus- 
pected and nutrition may also be involved, 
as suggested by the observation that the nor- 
mal enlargement of the vertebral foramina 
is retarded due to premature ossification in 
large breeds of dogs that are overfed. 

The onset of clinical signs from spinal 
cord compression is extremely variable and 
depends on the severity of the primary mal- 
formation and the rate of development of 
secondary changes at the abnormal articu- 
lation, both of which affect the rate and 
degree of spinal cord compression. These 
may occur at a few months of age, or not 
until the dog is 6-8 yr old. 


Thoracolumbar Vertebrae 


Horses may develop a congenital scoliosis 
associated with hypoplasia of midthoracic 
(T7-Tio) vertebral articular processes. In 
some cases unilateral flexion occurs opposite 
to the side with the hypoplasia, due to insta- 
bility of the affected articulation. In addi- 
tion, horses with congenital lordosis and ex- 
cessive flexion resulting from bilateral hy- 


Figure 8.10. Cervical stenotic myelopathy as found in Great Dane and Doberman Pinscher breeds. 
The three sites of compression (Cs, Ce, C7) are illustrated. 
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poplasia of the articular process of T; and 
Ts have been described. 

A common thoracic-level malformation 
in dogs involves hypoplasia and incomplete 
ossification of one or more vertebrae. The 
vertebral body is shaped like an inverted 
wedge, and adjacent vertebrae are usually 
malformed and misaligned, resulting in a 
marked kyphosis. This condition has been 
referred to as a “hemivertebra” but is more 
complex than this term suggests. It is often 
not recognized until the spinal cord becomes 
compressed and the dog’s gait becomes ab- 
normal, showing paresis and ataxia of the 
pelvic limbs. This typically does not occur 
before 3 or 4 months of age and gets pro- 
gressively worse as the dog grows and com- 
pression increases. At that time the vertebral 
defect can usually be palpated and is obvious 
on radiographs. 


This group of thoracolumbar defects oc- 
curs in all breeds of dogs, but is more com- 
mon in brachycephalic* breeds. It has been 
reported in the thoracic vertebrae of a line 
of German Shorthaired Pointers in which 
an autosomal recessive inheritance has been 
proposed. 

An hereditary “hemivertebra” has been 
described in mink due to an autosomal re- 
cessive gene abnormality. These animals 
usually develop pelvic limb paresis and 
ataxia between 8 and 14 weeks of age. The 
fourth or occasionally the 6th thoracic ver- 
tebra is affected by the malformation and 
subsequent kyphosis and associated spinal 
cord compression. 


* Brachycephalic, short head (Boston Terrier, Bulldog, 
Pug) dolichocephalic, long head (Collie, Russian 
Wolfhound). 


CASE HISTORY 


Signalment: A 5-month-old male Dalmation with abnormal hind limb gait. 


History: For 1 month this dog had shown difficulty getting up on the hind limbs and his 
gait was incoordinated in these limbs. These signs progressively worsened, and at times 


he needed help to get up and try to walk. 


Examination: Physical examination was normal except for a palpable dorsal deviation of 
the midthoracic vertebral column. The dog was very paretic (weak) and ataxic (incoor- 
dinated) in the hind limbs and showed spasticity in these limbs. Both were equally 
affected. Muscle tone and spinal reflexes were normal to exaggerated. Pain perception 
was normal. Tail and anal reflexes were normal. No muscle atrophy was present in the 


. hind limbs. 
Assessment of History and Examination 


FACTS 
Abnormal hind limb gait 


Normal pelvic limb musculoskeletal ex- 
amination 

Neurological signs confined to the pelvic 
limbs 


Clinical signs of spasticity, ataxia, hyper- 
tonicity, hyperreflexia, but no atrophy 


Normal gait until 5 months old 
Progressive signs 


Abnormal shape of thoracic vertebrae 
with dorsal deviation 


INTERPRETATION 


Musculoskeletal or nervous system 
disease 
Supports nervous system disease 


Disease of spinal cord caudal to the 
second thoracic spinal cord segment 
or in the peripheral nerves to the pel- 
vic limbs 

Suggests a spinal cord lesion between 
the second thoracic and fourth lum- 
bar spinal cord segment 

Not a spinal cord malformation 

Suggests a progressive spinal cord com- 
pression, inflammation or degenera- 
tion. Does not support an acute in- 
jury or spinal cord lesion due to loss 
of blood supply 

Vertebral column malformation with 
kyphosis 


Conclusion: Midthoracic spinal cord compression from progressive narrowing of the 
vertebral canal associated with the vertebral column malformation 
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The vertebral column malformation is 
congenital but unaccompanied by a spinal 
cord malformation or there would be signs 
of neurological dysfunction present at birth. 
In this dog, the spinal cord developed nor- 
mally but became compressed at the site of 
the vertebral malformation due either to 
progressive kyphosis or failure of the verte- 
bral canal to enlarge with growth at the site 
of the malformation or both may be in- 
volved. The progressive compression caused 
the neurologic signs to get worse over the 
month. Surgical decompression of the spinal 
cord and careful realignment and stabiliza- 
tion of the vertebral column may stop the 
spinal cord compression and allow for some 
improvement in the clinical signs. 

In most cases of congenitally abnormal 
segmentation or articulation with secondary 
stenosis of the vertebral canal, the exact 
cause of the defect is unknown. One excep- 
tion occurs in Siamese cats with a recessively 
inherited condition called mucopolysaccha- 
ridosis VI. This is one of a group of enzyme 
deficiency diseases that result from abnor- 
mal glycosaminoglycan metabolism. These 
animals are characterized by broad, flat- 
tened faces, corneal clouding, and some 
show progressive hind limb paresis begin- 
ning after 4 months of age. 

Pathologic examination of the vertebral 
column in these Siamese reveals fusion of 
some cervical and thoracic vertebrae with- 
out compromise of the vertebral canal. In 
other regions the thoracolumbar vertebrae 
are enlarged with secondary compression of 
the spinal cord. While mucopolysacchari- 
doses have been described in most domesti- 
cated animals, it is only recently that direct 
methods for their assay have become avail- 
able. These will permit more ready analysis 
of possible enzymatic deficiencies in a vari- 
ety of inherited musculoskeletal defects. 

Short-spined dogs result from a compac- 
tion of thoracic and lumbar vertebrae with 
fusion of many of them. This has been re- 
ported as an autosomal recessive inherited 
malformation in the South African Grey- 
hound and in Fox Terriers. These dogs, 
which have been described since the 17th 


EMBRYOLOGY OF DOMESTIC ANIMALS 


century, are referred to as “baboon” dogs 
since they usually sit in a partially upright 
posture with their pelvis on the ground and 
hindlimbs extended forward. There is lim- 
ited movement of the pelvic limbs. 

Schistosomus reflexus (clefted body, bent 
over) is a condition in which the thoracic 
and abdominal cavities fail to close ven- 
trally. The vertebral column is reflected back 
upon itself (hyperextended) in the thoracic 
or thoracolumbar region, resulting in the 
apposition of the occipital region of the skull 
to the sacrum. This condition occurs most 
frequently in cattle, but has been reported 
in sheep and swine. It may be detected in 
utero by palpation, and the cow may suffer 
from dystocia (difficult delivery) and require 
veterinary attention. As a result of impaired 
innervation, movements of the fetal limbs 
are reduced, resulting in ankylosis and ar- 
throgryposis. 


Lumbosacral Vertebrae 


Spina bifida is a failure of the vertebral 
arch to form dorsally over the vertebral for- 
amen. This can involve part or all of the 
arch of one vertebra or many adjacent ver- 
tebrae. The latter, more extensive condition 
is called rachischisis (rachis = spine; schisis 
= cleft), and is illustrated in Figure 8.11. If 
the skin and subcutaneous tissue cover the 
vertebral defect dorsally so that it is not 
grossly apparent on physical examination, 
the defect is termed spina bifida occulta. 
Spina bifida is frequently associated with a 
spinal cord malformation in which neural 
tissues and/or meninges protrude through 


Figure 8.11. Thoracolumbar rachischisis and 
myeloschisis in a newborn puppy. 
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the vertebral defect (see Figure 6.18). Al- 
though spina bifida can occur at any level 
of the vertebral column, it is most common 
in the caudal lumbar and sacral regions. 


Figure 8.12. Perosomus elumbus in a newborn 
calf. While all skeletal elements of the hind limbs 
are present, the joints are fixed (ankylosis) and 
all of the muscles have degenerated. 


Segmentation abnormalities are occasion- 
ally observed at the lumbosacral junction. 
This may involve the first sacral segment 
acquiring a typical lumbar transverse proc- 
ess or the last lumbar vertebra developing a 
broad transverse process and articulating 
with the ilium. Neither condition is associ- 
ated with clinical signs. 

Perosomus elumbus (Fig. 8.12) refers to a 
deformed body which lacks a lumbosacral 
and caudal vertebral column and spinal 
cord. The pelvis and pelvic limbs are present 
but are rigid (ankylosed), and most associ- 
ated muscles atrophy early in development. 


Caudal Vertebrae 
Curled or kinky tails are the result of 
caudal vertebral malformation. These are 
common in brachycephalic breeds of dogs, 


Figure 8.13. The Manx cat. This animal had no perineal sensation, a single cloacal orifice; and 
showed incontinence. Radiographic examination reveals that the sacral vertebrae are hypoplastic and 


the caudal vertebrae are missing. 
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some Manx cats, rodents, and pigs. This 
defect can occur by itself with no nervous 
system abnormality. In some brachycephalic 
dogs and many Manx cats (Fig. 8.13) the 
caudal vertebral abnormality is associated 
with more extensive sacral vertebral and 
neural defects (see Chapter 6). 


MALFORMATIONS OF THE STERNUM 
AND RIBS 


Chondrosternal depression (pectus ex- 
cavatum) is a funnel-like cavitation of the 
ventral thorax in which the distal, cartilagen- 
ous parts of the ribs curve dorsally and at- 
tach to a dorsally-displaced sternum. This 
condition is thought to arise as a result of 
failure of the normal development of dia- 
phragmatic muscles. 

“Swimmer pups” are characterized by an 
inability of puppies to stand and walk when 
they normally should. Their muscles are not 
strong enough relative to their body size and 
as they struggle to stand their limbs become 
progressively more abducted, their thorax 
flattens ventrally and they make lateral 
swimming movements to move around. The 
problem is exacerbated if they are kept on a 
hard, smooth surface. If the situation is rec- 
ognized early and limb abduction is pre- 
vented by tying the limbs together and pro- 
viding a soft surface, these puppies may 
recover. A much less severe abduction of the 
hindlimbs is occasionally seen in kittens, but 
usually is resolved as their adductor muscles 
strengthen. 
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INITIAL ORGANIZATION OF CEPHALIC 
TISSUES 


At the time of neurulation the cranial 
aspect of the axial system consists of a clos- 
ing neural plate, lateral and ventral to which 
is paraxial mesoderm (see Fig. 6.3). The 


notochord extends rostrally to the level of 
the midmesencephalon. Located ventral to 
the notochord is the pharyngeal endoderm, 
which is covered by lateral mesoderm, in- 
cluding cardiogenic primordia. 

As neurulation proceeds caudally, a closed 
neural tube and pharynx are established. 
Shortly thereafter the head fold and lateral 
body folds separate the future head region 
from extraembryonic tissues. During this pe- 
riod the primordia of the heart are brought 
together in the ventral midline beneath the 
pharynx at the level of the rhombencepha- 
lon. 

At this stage the anatomical organization 
of cephalic axial tissues (Fig. 9.1) is similar 
to that of the trunk region and, as will be 
discussed later, the subsequent development 
of both these regions is comparable. The 
exception is the prosencephalic region. The 
notochord is absent at this rostral level, and 
paraxial mesoderm is present only as a 
sparse ventral mesenchyme. The walls and 
roof of the prosencephalon are directly ap- 
posed by surface ectoderm. Ventrally, the 
rostral tip of the pharynx extends slightly 
beneath the future diencephalon. 

The pharynx differs from the rest of the 
gut tube in that it is not surrounded by a 
coelomic cavity. Thus there is no naturally 
occurring delineation of lateral mesoderm 
into splanchnic and somatic subpopula- 
tions. 


DEVELOPMENT OF THE NEURAL 
CREST 
The most unique feature of head devel- 
opment is the presence of a separate, ecto- 
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Mesoderm 


Figure 9.1. Scanning electron micrograph of a late neurula stage avian embryo cut transversely at 
the level of the mesencephalon. Lateral body folds have completely undercut the head by this stage. 
Note that paraxial mesoderm, lateral mesoderm (beside and beneath the pharynx), and neural crest 
cells are contiguous mesenchymal populations. The large white arrows indicate pathways of future 
displacement of crest cells. (Courtesy of K Tosney.) 


dermal population of mesenchymal cells 
that forms all the skeletal and other connec- 
tive tissues of the facial region. This mesen- 
chymal population is derived from the 
neural crest. 


Dispersal of Neural Crest Populations 


As described in Chapter 7, neural crest 
cells are formed from neural folds and sub- 
sequently disperse laterally and ventrally 
from this origin. Unlike the situation in the 
trunk in which a relatively small number of 
crest cells proliferate and form peripheral 
neurons, Schwann cells and melanocytes, 
the cranial neural crest population is large 
and is capable of forming all these cell types 
plus a variety of connective tissues. 

Beginning at the junction of the prosen- 
cephalon and mesencephalon, the crest cell 
population shifts laterally and ventrally be- 
tween the surface ectoderm and underlying 
mesoderm (Fig. 9.2). The cells pass lateral 
to the pharynx and then move medially 
beneath the pharyngeal endoderm. This ce- 
phalic neural crest population establishes a 
continuous, superficial sheet of mesen- 
chyme between the prosencephalic and fu- 
ture laryngeal regions, as shown in Figure 
9.3. 


From the level of the midbrain caudally, 
all crest cells leave the dorsal midline, which 
is subsequently occupied by paraxial meso- 
derm. This is not the case rostrally. Here the 


crest population expands to completely en- 


velop the prosencephalon, including the op- 
tic vesicles. 

In considering the specific derivatives of 
the neural crest it is easiest to picture them 
in terms of the interface between the neural 
crest and mesoderm illustrated in Figure 9.3. 
This boundary coincides with the pros-mes- 
encephalic junction dorsally, crosses caudal 
to the adenohypophysis, then runs along the 
dorsolateral margin of the pharynx to, but 
not including, the larynx. All of the connec- 
tive tissue-forming mesenchyme surround- 
ing the prosencephalon and located beside 
or below the pharynx is derived from the 
neural crest, whereas the comparable mes- 
enchyme situated immediately ventral and 
lateral to the mesencephalon and rhomben- 
cephalon is derived from paraxial meso- 
derm. Despite the subsequent flexures of the 
brain and growth of sense organs, this rela- 
tionship will not be appreciably altered. 

The ventral displacement of the neural 
crest population is dependent upon three 
mechanisms. First, individual crest cells are 


158 EMBRYOLOGY OF DOMESTIC ANIMALS 


Phar 
Visce 
Hy 


Mandib: 


Figure 9.. 
population 
of the intei 


Figure 9.2. Schematic summary of the translocation of cephalic neural crest cells shown in blue. 
The top row shows successive stages in dorsal and right lateral views; the bottom row illustrates the | 
same stages in transverse section at the level of the metencephalon (d.a. and v.a., dorsal and ventral 
aorta; V, VII, IX, X, cranial sensory ganglia associated with trigeminal, facial, glossopharyngeal, and 
vagus nerves). 


ails shown in blue. 
' row illustrates the 
dorsal and ventral 
sopharyngeal, and 


CRANIOFACIAL MUSCLES AND CONNECTIVE TISSUES 159 


NEURAL CREST MESENCHYME 


NEURAL CREST - MESODERM 


INTERFACE Nb 


Mesencephalon 
Myelencephalon 
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Figure 9.3. This illustrates the relative distribution of connective tissue-forming mesenchymal 
populations derived from the neural crest (blue) and paraxial mesoderm. Subsequently, the location 
of the interface is altered by further cephalic flexures and growth of the prosencephalon. 
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highly motile, and the extracellular environ- 
ment immediately in front of the emigrating 
crest population changes to promote and 
orient cell migration. The primary change 
involves secretion of hyaluronic acid by the 
surface ectoderm. Once released, these mol- 
ecules swell due to hydration, causing the 
surface ectoderm to separate from underly- 
ing mesodermal cells (Fig. 9.1). This creates 
an obstacle-free pathway for crest cell move- 
ment. Concomitantly, neural crest cells are 


proliferating, which rapidly expands the size 
of the population. 

However, the massive ventral displace- 
ment of crest cells is in part the result of a 
ventral shift in all of the superficial tissues 
of the embryo at the late neurula stage. As 
illustrated in Figure 9.4, the surface ecto- 
derm and paraxial mesoderm expand and 
shift ventrally together with the crest popu- 
lation. Thus, there is a concerted morpho- 
genetic translocation of several cephalic tis- 
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sues to establish a new set of ventral cephalic 
structures. 

In summary, craniofacial mesenchymal 
tissues are derived from two sources. Ce- 
phalic paraxial mesoderm develops in close 
association with most of the otic vesicle and 
brain similar to the situation described for 
the trunk. In contrast, connective tissues of 
the periocular, nasal and oral regions are 
derived from the neural crest. Although the 
cartilages and bones of the head have these 
two disparate origins, they are all biochem- 
ically identical. 


Formation of Visceral Arches 


As neural crest cells move ventrally the 
pharynx develops a series of bilateral out- 
pocketings, the pharyngeal pouches. The 
presence of these pouches causes the ventral 
crest population to become partially segre- 
gated into a series of dorsoventrally elon- 
gated mesenchymal masses called visceral 
arches (branchial arches). Running through 
each visceral arch is an aortic arch. 

In fishes there are usually five or six fully 
formed visceral arches, each of which forms 
a gill arch or, rostrally, contributes to the 
jaw apparatus. In higher vertebrates there 
have been both reductions in the number of 
visceral arches that form, with arches III 
through VI small and incompletely devel- 
oped (Fig. 9.5), and major changes in the 
structures derived from each of the arches. 

The first visceral arch forms cranial to the 
first pharyngeal pouch. As shown in Figures 
9.6 and 9.7, crest-derived mesenchyme 
forming this arch separates and grows in two 
directions: ventromedially to form the man- 
dibular process and rostrally to form the 
maxillary process. The mandibular process 
continues to expand toward the midline ven- 
tral to the pharynx. Eventually the left and 
right mandibular processes grow together to 
form the lower jaw (Fig. 9.7). The maxillary 
process continues to expand beneath the eye; 
its subsequent growth is discussed in the next 
section. 

The second visceral arch, often referred to 
as the hyoid arch, develops in a manner 
similar to the mandibular arch. It is formed 


Figure 9.5. Lateral view of an 11-mm calf em- 
bryo (approximately 30 days of gestation) show- 
ing the early formation of the lateral nasal process 
(LNP), maxillary process (Max.), mandibular proc- 
ess (Mand.), and hyoid or second visceral arch 
(IJ). The close relation of these processes to the 
eye, trigeminal ganglion (G. V) and otic vesicle 
(Otic ves.) are apparent. The invaginating nasal 
pit (white arrow) is bounded medially by the me- 
dian nasal process. 


by neural crest cells that emigrated from the 
cranial myelencephalic neural foids, located 
immediately rostral to the otic placode. The 
second arch expands ventrally and then me- 
dially beneath the pharynx, eventually fus- 
ing with its contralateral counterpart. 

Between the 1st and 2nd visceral arches, 
immediately below the otic vesicle, is a deep 
furrow called the first visceral groove. At 
one site the surface ectoderm of this groove 
directly contacts the lateral margin of the 
first pharyngeal pouch. There is a transient 
degeneration of both epithelia at this site, 
forming a visceral cleft (opening) between 
the pharyngeal and the amniotic cavities. In 
fishes a cleft forms between each of the 
visceral arches; these openings persist and 
later become gill slits. However, in mammals 
there is typically only one cléft established 
and it closes within a few days. 
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Figure 9.6. A ferret embryo of approximately 
16 days of gestation showing the early growth of 
the mandibular (Mand.) and hyoid (//) visceral 
arches. The former circumscribe the stomodeum 
(Stom.), the roof of which is formed by surface 
ectoderm covering the prosencephalon (Pros.). 
(Courtesy of AJ Steffek.) 


Figure 9.7. Ventral view of an 8-mm dog em- 
bryo (approximately 25 days of gestation); the 
truncus arteriosus has been cut and the heart 
removed to expose the fusing mandibular proc- 
esses (Mand.) and the elongating hyoid proc- 
esses (//). The maxillary processes (Max.) are 
growing ventrally and will contact the lateral nasal 
processes (LNP) and, later, the medial nasal proc- 
esses (MNP), which circumscribe the nasal pit. 
The adenohypophyseal pouch is beginning to 
form (arrow). 
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Dorsal to the site of cleft formation the 
surface ectoderm of the first visceral groove 
and endoderm of the distal first pharyngeal 
pouch become closely apposed, separated 
only by a thin layer of mesenchymal cells. 
This relationship will persist with these tis- 
sues forming the tympanic membrane (see 
Figs. 14.3, 14.5 and 14.6). 

The mesenchyme on both sides of the first 
visceral groove forms a series of small swell- 
ings called auricular hillocks (Fig. 9.8). The 
hillocks on the first visceral arch form the 
tragus and rostral part of the pinna; the rest 
of the external ear is derived from the second 
arch. The groove between these hillocks be- 
comes the external auditory meatus. During 
most of fetal development this is filled with 
an epithelial plug that dissolves close to the 
time of birth. 

As Figure 9.8 illustrates, the external ears 


initially develop on the ventrolateral surface 
of the head. The ears do not shift their 
location. Rather, later growth of the lower 
jaw and associated muscles greatly expands 
the volume of tissue ventral to the ear. In 
animals born with congenital absence of the 
lower jaw the external ears are located ven- 
trally. 

The remaining visceral arches are exter- 
naly much less prominent, as shown in 
Figure 9.5, with arches IV through VI indis- 
tinguishable. The 2nd visceral arch expands 
caudoventrally, forming an opercular fold 
that overgrows and covers these caudal 
arches (see Fig. 14.6). 


Establishment of Facial Processes 


The development of the face, which in- 
cludes the orbital, nasal and oral regions, is 


Figure 9.8. 14-mm calf embryo (33 days of 
gestation). The maxillary and lateral nasal proc- 
esses are fusing, forming the nasolacrimal furrow 
(large arrow). Mesenchymal growths on both 
sides of the first visceral groove are establishing 
auricular hillocks (small arrows). Note the ventral 
location of the presumptive external ear tissues; 
their apparent dorsal shift later in development is 
actually due to subsequent elongation of the jaw 
and growth of ventral neck tissues. 
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most critically affected by three events: the 
expansion of subpopulations of rostral 
neural crest cells, cranial flexure and subse- 
quent growth of the prosencephalon and 
eyes, and elaboration of the olfactory epithe- 
lium. Variations of these account for the 
many different facial morphologies found 
among domestic mammals. 

The stomodeum is the cavity created by 
the formation of the cranial and lateral body 
foldings and the subsequent cranial flexure 
(Fig. 9.9). It is separated from the pharyngeal 
cavity by the oropharyngeal membrane (oral 
plate), which breaks down following fusion 
of the left and right mandibular processes. 
During fetal development the stomodeum 
becomes greatly elongated as a result of the 
growth of the mandibular, maxillary and 
nasal processes. The original site of the oro- 
pharyngeal membrane corresponds to the 
palatoglossal arch; thus, the lining of the 
mouth is largely ectodermal in origin, as is 
most of the mesenchyme (neural crest) sur- 
rounding the oral cavity. 

Neural crest mesenchymal cells initially 
located over the dorsal and rostral surfaces 


. of the prosencephalon are brought to the 


rostral and ventral surfaces of the head as a 
result of the >90° cranial flexure. This pop- 
ulation, called the frontonasal. mesenchyme, 
will form the forehead and nasal regions of 
the face, and contribute along with other 
crest cells to the nasal septum and related 
tissues. 

The external nares and epithelial lining of 
the nasopharynx can all be traced back to a 
pair of olfactory (nasal) placodes. At the 
time of neural tube closure the presumptive 
nasal placode-forming ectoderm lies close to 
the dorsal midline near the rostral tip of the 
embryo. During cranial flexure formation, 
these areas shift to a rostroventral position 
and the ectoderm thickens to form definitive 
placodes. The formation of these placodes 
depends upon an interaction between the 
surface ectoderm and the neuroepithelium 
of the presumptive telencephalic hemi- 
spheres. The establishment of left and right 
nasal placodes is dependent upon the for- 


mation of left and right telencephalic regions 
of the neuroepithelium. 

Each nasal placode invaginates to form 
the nasal pit (Figs. 9.5, 9.7, 9.9), which 
deepens and subsequently contacts the roof 
of the stomodeum; this juncture is the oron- 
asal membrane, which soon degenerates. 
Since the palate has not yet formed, there is 
now present a large oronasal cavity derived 
from the stomodeum and the nasal pits. 
Later, the ectoderm lining the nasal pits will 
expand and, in part, form the olfactory epi- 
thelium. The ectoderm of the stomodeum, 
together with that covering the palatine 
shelves, will form the mouth; the endoderm 
of the pharynx will form the caudal part of 
the mouth and oropharynx. 

As illustrated in Figures 9.9 and 9.10, the 
nasal pit is circumscribed by two swellings, 
the medial nasal process and the lateral 
nasal process, which are derived from fron- 
tonasal mesenchyme. These processes are 
continuous over the pits dorsally, giving 
them a horseshoe appearance. The area be- 
tween the medial nasal processes and ex- 
tending dorsally over the forebrain is the 
frontal prominence. 

Mesenchyme within the maxillary process 
expands rostrally beneath the optic vesicle 
and contacts the lateral nasal process. The 
furrow formed at the zone of apposition. 
between these two swellings is the nasolacri- 
mal groove (furrow), which is shown in Fig- 
ures 9.5 and 9.8. As the two processes fuse 
together, the ectodermal lining of the furrow 
becomes buried in the mesenchyme as a 
column of epithelial cells. This will subse- 
quently hollow out to form a duct, the na- 
solacrimal duct, which runs from the con- 
junctival sac to the nasal cavity. 

The maxillary process continues to ex- 
pand medially and rostrally beneath the na- 
sal elevations, eventually fusing near to the 
midline with the medial nasal process (Fig. 
9.11). Together these components form the 
rostral bones of the upper jaw (maxilla, in- 
cisive) and the lip. After establishing their 
definitive relationships, all of these processes 
undergo an extensive rostral elongation due 
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Figure 9.10. Lateral (left) and ventral (right) views of the formation of the face in a carnivore embryo. 
These represent stages seen when the embryo is between 6 and 10 mm in length (18-21 days in 
the cat, 22-26 days in the dog). 
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Figure 9.11. Later stages of facial process development in the pig embryo (dark blue, medial nasal 
process; /ight blue, lateral nasal process; dark blue stipple, frontonasal prominence; and flight blue 
stipple, maxillary process). (Modified from BM Patten (1944)). 
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to cell proliferation; this is especially exag- 
gerated in horses and cattle and least prom- 
inent in brachycephalic breeds of dogs and 
in cats. Minor variations in the sites of fusion 
between maxillary and medial nasal proc- 
esses give rise to the various configurations 
of folds beneath the external nares of do- 
mestic mammals. 


PARAXIAL MESODERM DEVELOPMENT 


Most of the paraxial mesoderm in verte- 
brate embryos is segmented, with the first 
segment (somite) located caudal to the otic 
placode. The comparable mesodermal tissue 
located rostral to the first somite forms a 
continuous mesenchymal population ex- 
tending rostrally to the optic vesicles and tip 
of the pharynx. This cephalic paraxial mes- 
oderm is partially segregated into seven pairs 
of somitomeres (Fig. 9.12). Each somito- 
mere is morphologically similar to an im- 
mature somite in that it is mesenchymal 
rather than epithelial and is not separated 
from adjacent paraxial mesoderm. A somi- 
tomere has the same developmental poten- 
tials as a somite, although no morphologi- 
cally distinct myotomal, sclerotomal and 
dermatomal regions are present. 

Paraxial mesoderm adjacent to the mes- 
encephalon and rhombencephalon expands 
dorsally to completely surround these parts 
of the brain. Ventrally; this mesenchyme 
encircles the notochord and, laterally, it en- 
capsulates the otic vesicle. These popula- 
tions will form skeletal and connective tis- 
sues (see Fig. 9.21). 

All of the voluntary muscles of the head 
are derived from paraxial mesodermal cells 
that cross the crest:mesodermal interface 
and invade the visceral arches or periocular 
region. As outlined in Figures 9.13 and 9.14, 
those mesodermal cells entering the 2nd 
arch develop into some jaw opening and 
hyoid muscles, and secondarily expand ros- 
trally and dorsally beneath the surface ecto- 
derm to form the platysma and other facial 
muscles. Other somitomeres, particularly 
those located rostrally, send slips around the 
developing optic vesicle; these later give rise 
to extrinsic ocular muscles. 


Figure 9.12. Organization of cephalic paraxial 
mesoderm in a neurula stage avian embryo. In 
preparing this scanning micrograph, the surface 
ectoderm and neural tube were removed, expos- 
ing the underlying mesoderm. Brackets indicate 
the location of somitomeres. The 8th somitomere 
(not shown) becomes the first true somite. (Cour- 
tesy of S Meier.) 


The voluntary muscles associated with 
visceral arches are traditionally called bran- 
chiomeric muscles. This is based upon their 
homology with gill (branchial) and jaw mus- 
cles of fishes, but does not accurately de- 
scribe their embryonic origins. Although 
these muscles are, like all other voluntary 
muscles ofthe vertebrate body, derived from 
paraxial mesoderm, they are unique in that 
their connective tissue components (includ- 
ing fascia and tendons) are derived from the 
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ORIGINS 


DERIVED MUSCLES 


EXTRINSIC OCULAR, n. III 


DORSAL OBLIQUE, n. IV 


1st ARCH -JAW CLOSING, n.V 


LATERAL RECTUS, n.VI 


omumsSoA4g-zoo 


2nd ARCH-JAW OPENING, n. VII 
BRANCHIOMANDIBULAR, n. IX 


INTRINSIC LARYNGEAL, n. X i 
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Figure 9.13. Summary of the origins of voluntary muscles in the avian head. These origins were 
established by transplanting each somitomere or occipital somite of a quail embryo in the place of an 
identical piece of paraxial mesoderm excised from a chick embryo. Quail cells contain an intracellular 
marker that allows them to be recognized in histological sections. The avian cucullaris is a dorsal, 
superficial neck muscle that is probably homologous to the mammalian trapezius. Also, in mammals 
the myogenic cells in the 2nd arch move rostrally and form superficial facial muscles innervated by 
nerve VII. (From DM Noden (1983b)). 
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Figure 9.14. Schematic representation of the relation between somatic motor nerves, myogenic 
precursors (derived from paraxial mesoderm), and visceral arch or periocular regions. Dark red areas 
indicate the locations of voluntary muscle precursors at the time myogenesis begins; pale red areas 
indicate the original locations of these muscle primordia and the directions in which they have moved. 
HI-XII, cranial motor nerves (see Table 9.1); C4-C;, cervical nerves. 


neural crest. This contrasts with axial and 
appendicular muscles whose connective tis- 
sue components are derived from somitic 
and lateral somatic mesoderm, respectively. 
The paraxial mesoderm located beside the 
myelencephalon caudal to the otic placode 
forms true somites. The first five are called 
occipital somites because the sclerotomal 
portions of these are involved in the forma- 
tion of the occipital and otic regions of the 
skull. The myotomal regions of these cranial 
somites also shift ventrally. Slips from som- 
ites one and two move beside the primordia 
of the laryngeal cartilages and subsequently 
form laryngeal muscles. Myogenic cells from 
. somites three through five form a large ag- 
gregation called the hypoglossal cord. This 
mass moves ventral to the pharynx and en- 
ters the neural crest-derived mesenchyme 
that will form the tongue. 


PATTERNS OF INNERVATION 


The segmental organization of cranial pe- 
! ripheral nerves is not apparent during gross 


dissection of the head. This is due in large 
part to the many shifts and differential 
growth in location of mesenchymal and sur- 
face epithelial tissues that form the target 
tissues of these nerves. Also, during the ev- 
olution of the head the primitive, segmental, 
organization of the cephalic peripheral ner- 
vous system has been altered as parts of the 
brain and various special sensory organs 
have undergone major changes. In particu- 
lar, the segmental appearance of dorsal (af- 
ferent) and ventral (efferent) roots described 
for the trunk is not apparent in the head. 
However, the organization of these cephalic 
peripheral nerves and their relation to pre- 
sumptive target tissues is much less compli- 
cated when described in the embryo before 
the relocation of target tissues has occurred. 

Somatic efferent neurons (Table 9.1) proj- 
ect from motor nuclei in the mesencephalon 
and rhombencephalon and contact the som- 
itomere closest to their site of emergence 
from the brain, as outlined in Figures 9.13 
and 9.14. Their subsequent direction of 
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Table 9.1. 
Distribution of efferent cranial nerves 
Nerve Function Embryonic projection Target? 

I| ^ Oculomotor SE Somitomeres 1, 2 Dorsal, medial, ventral recti; 
ventral oblique; levator 
paipebrae muscles 

VE Parasympathetic 2nd neurons in ciliary ganglion 
IV  Trochlear SE Somitomere 3 Dorsal oblique muscle 
V Trigeminal (mandibu- SE Somitomere 4 (to 1st Temporalis, masseter, mylo- 
lar ramus) visceral arch) hyoid, rostral digastric, 
pterygoids, palatines, ten- 
sor tympani muscles 

VI  Abducent SE Somitomere 5 Lateral rectus, retractor 
bulbi 

VI Facial SE Somitomere 6 (to 2nd Cutaneous facial, auricular, 

visceral arch) cutaneous cervical, stape- 
dius, caudal digastricus 
muscles 
VE Parasympathetic 2nd neurons in pterygopalatine, man- 
dibular and sublingual ganglia 

IX |. Glossopharyngeal SE Somitomere 7 (to 3rd Pharyngeal muscles?” 

visceral arch) 

VE Lateral splanchnic mes- Pharyngeal muscles?” 
oderm 

VE Parasympathetic 2nd neurons in otic ganglion 

X — Vagus SE Somites 1 and 2 (to Intrinsic laryngeal muscles 

caudal visceral 
arches) 

VE Lateral splanchnic mes- Esophageal muscles 
oderm f 

VE Parasympathetic 2nd neurons in thoracic and visceral 
tissues. 

XI Accessory SE Occipital somites Trapezius, cleidomastoid, 
sternomastoid, cleido- 
cervical muscles 

XII — Hypoglossal SE Occipital somites 3 to 5 — Genioglossal, hyoglossal, 


styloglossal and intrinsic 
tongue muscles 


? Based on data obtained by transplanting labeled somites and somitomeres in avian embryos and 


extrapolating to homologous muscles in mammals. 


? Homologies between avian and mammalian systems are not clear; pharyngeal muscles in birds do 
not arise from somitomeres, and the avian branchiomandibular (3rd arch) complex is derived from 


somitomere 7. 


growth is determined by the morphogenetic 
movements of each muscle primordium. 
Thus, cranial nerves III (oculomotor), IV 
(trochlear) and VI (abducent) grow along 
with those somitomeres that form extrinsic 
ocular muscles. Somatic efferent fibers in 
cranial nerves.V (trigeminal), VII (facial), 
IX (glossopharyngeal) and X (vagus) project 
to muscle primordia that enter visceral 
arches I, II, III and IV, respectively. As was 
discussed in the Introduction, cranial nerve 
XI (accessory) innervates superficial muscles 


associated with the shoulder, neck and head 
(trapezius, cleidocervical, etc.), which are 
believed to be homologous with gill levator 
muscles of the caudal visceral arches in 
fishes. The last of the cranial nerves is XII 
(hypoglossal), which arises from several 
roots and contacts those myogenic slips of 
somites 3-5 that form the hypoglossal cord 
and invade the tongue. 

Visceral efferent neurons belonging to the 
parasympathetic (craniosacral) component 
of the autonomic nervous system also 
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emerge with several of the cranial nerves 
(III, VII, IX, and X). These preganglionic 
axons project to parasympathetic ganglia lo- 
cated close to the eye (ciliary ganglion) or 
salivary glands. Second neurons within these 
ganglia are all of neural crest origin. The 
preganglionic vagus visceral efferents project 
to target ganglia associated with thoracic and 
visceral tissues. 

There are postganglionic sympathetic ax- 
ons associated with many cranial nerves. 
The cell bodies of these second neurons are 
located within the cranial cervical ganglion 
which, although located near the base of the 
skull, is derived from thoracic neural crest 
cells. 

All somatic and visceral afferent functions 
of the head except vision and olfaction are 
mediated by cranial sensory ganglia associ- 
ated with the rhombencephalon. As de- 
scribed in Chapter 7, neurons in these gan- 
glia are derived from two sources, the neural 
crest and neurogenic placodes. The most 
rostral of these is the trigeminal ganglion, so 
named because it has three major projec- 
tions. The ophthalmic and maxillary nerves 
are exclusively sensory, and they innervate 
the regions occupied by frontonasal and 
maxillary mesenchymal neural crest cells, 
respectively. The mandibular nerve contains 
both somatic sensory and motor projections 
to the mandibular process of the first visceral 
arch. Figure 9.15 illustrates how the segmen- 
tal sensory receptive fields of the embryo 
have become distorted by differential growth 
of facial processes. 

The somatic and visceral afferent com- 
ponents of cranial nerves VII, IX, and X 
parallel the corresponding motor neurons to 
individual visceral arches. In addition, the 
visceral afferents of IX and X are distributed 
with the vagus nerve to the esophagus and 
viscera of the thorax and abdomen. The cell 
bodies of these sensory neurons in VII, IX 
and X are located in ganglia adjacent to the 
myelencephalon; these become surrounded 
by bones forming the skull. 

. Most of the remaining cranial afferent 
neurons mediate specialized sensory modal- 
ities unique to the head, including olfaction 


(I, olfactory nerve), vision (II, optic nerve), 
and taste (nerves VII, IX, X). Hair cells in 
the membranous labyrinth act as trans- 
ducers for hearing and vestibular functions; 
these are innervated by axons of cranial 
nerve VIII that project from the spiral (coch- 
lear) and vestibular ganglia. Neurons in 
these two ganglia are derived from the otic 
vesicle. 

Cranial nerves I and II are atypical periph- 
eral nerves. The cell bodies of the olfactory 
neurons are located in the olfactory epithe- 
lium, and are derived from the olfactory 
placode. Their axons pass from this epithe- 
lium through numerous small foramina in 
the cribriform plate ofthe ethmoid and enter 
the olfactory bulbs of the telencephalon. The 
optic nerve is composed of interneurons of 
the central nervous system rather than pe- 
ripheral neurons. These neurons project 
from ganglion cells within the retina, which 
is formed from the lateral wall of the dien- 
cephalon, to several visual centers in the di- 
and mesencephalon, especially the lateral 
geniculate nucleus and rostral colliculus. 


PALATOGENESIS 


Following the initial growth and fusions 
of facial mesenchymal populations, the roof 
of the stomodeum is bounded laterally by 
the maxillary process and rostrally by the 
medial nasal process and frontonasal prom- 
inence. Entering the roof of the stomodeum 
are a pair of openings from the short nasal 
cavities. Thus, as a result of these early mor- 
phogenetic movements, a partial separation 
of nasal and oral cavities is achieved. 

The mesenchymal cells located between 
the nasal cavities initially form the medial 
nasal processes and ventral aspect of the 
frontal prominence. These populations ag- 
gregate in the rostral midline to form the 
media] palatine process, part of which will 
become the primary palate. Later, the inci- 
sive (premaxillary) bone forms within this 
rostral mesenchyme. The palatine fissures 
mark the caudal margin of the primary pal- 
ate. The mesenchyme located superficially 
between the nasal cavities contributes to the 
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2 


Great 

auricular n. 
C2 

Transverse * 

cervical n. 


Frontal n. 
Infratrochlear n. 


Mandibular nerve (V) 


Ophthalmic nerve (V) 


Maxillary nerve (V) 


Zygomaticofacial n. 


Zygomaticotemporal n. 
Vmax 
Infraorbital n. 


Mental nn. 

Buccal n. 
Transverse facial n. 
Mylohyoid n. 
Auriculotemporal n. 


Vimana 


Figure 9.15. Schematic illustration of the relation between somatic sensory nerves, visceral arches, 
and cutaneous fields of innervation in the embryo (top) and adult dog (bottom). Bars represent areas 
of skin innervated by branches of trigeminal (b/ue), facial (red) and second cervical (gray) afferent 
nerves. Note how the mandibular, maxillary and nasal processes have expanded during fetal and 
postnatal growth. The embryonic distribution of C» axons has not been mapped. Viana, max, opn indicate 
branches of the mandibular, maxillary and ophthaimic nerves. (Based on HE Evans (1979) and LR 


Whalen and RL Kitchell (1983).) 


rostral cartilages of the snout, the philtrum 
and the median part of the upper lip. 

The secondary palate forms later in de- 
velopment (Table 9.2), and results in the 
nasal and oral cavities being separated to the 
level of the oropharynx. The hard palate 
contains horizontal wings of the maxillary 
and palatine bones, while the caudally lo- 
cated soft palate has no skeletal elements. 

In the embryo the oronasal cavity is par- 
tially partitioned by two vertical tissue 
masses, as shown in Figure 9.16. The nasal 
septum projects from the roof of the cavity 
ventrally between the two nasal cavities. 


Table 9.2. 

Time of secondary palate closure 
Rat 16 Days 
Ferret 27 Days 
Cat 32 Days 
Dog 33 Days 
Pig 33 Days 
Horse 7th Week 
Cow 8th Week 
Human 9th Week 


This vertical septum elongates as the nasal 
cavities enlarge. The tongue grows dorsally 
from the floor of the stomodeum and rostral 
pharynx. 
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Figure 9.16. Transverse section of a 13-mm feline embryo showing the growth of lateral palatine 
processes beside the tongue. Note the nasolacrimal furrow beneath the eye. 


Broad mesenchymal processes grow into 
the oronasal cavity from the maxillary proc- 
esses on both sides. These are the lateral 
palatine processes. Initially these processes 
extend ventrally on either side ofthe tongue, 
as shown in Figures 9.16 and 9.184. 

The subsequent two steps, elevation and 
fusion of the lateral palatine processes, are 
the most critical events in palatogenesis. For 
many years it was believed that the elevation 
of these processes, during which they change 
from a nearly vertical to a horizontal plane, 
occurred similar to the movement of a door 
upon its hinge. This view is no longer tena- 
ble. Close examination of lateral palatine 
mesenchyme during elevation has revealed 
that this epithelial-covered population flows 
around and over the tongue. The movement 
is rapid, and elevation of these palatine 
shelves is completed within a day. 

Concomitant with this morphogenetic 
rearrangement, the tongue shifts ventrally 
within the oronasal cavity. In rodents this 
process has been shown to depend upon an 
elongation of the mandibular (Meckel’s) car- 
tilage on the day preceding lateral palatine 
process elevation. Since the tongue is at- 


tached to the rostral part of the jaw via the 
genioglossal muscles, elongation of the lower 
jaw depresses the tongue thereby facilitating 
palatal process reorientation. 

The size of the lateral palatine processes 
is such that as soon as they assume a hori- 
zontal position their margins are apposed, 
as shown in Figure 9.17. The epithelium 
covering their medial margin undergoes au- 
tolysis, and the mesenchymal cores become 
continuous across the dorsal midline of the 
oral cavity. This reorientation also brings 
the paired lateral processes in contact with 
the medial palatine process (primary palate), 
rostrally, and all three fuse together. Simi- 
larly, the lateral palatine processes fuse with 
the nasal septum, thereby partitioning the 
nasal cavity into two separate chambers. 

Mesenchyme in the rostral two-thirds of 
the lateral palatine processes undergoes in- 
tramembranous ossification, forming the 
hard palate; these ossification centers then 
fuse with large, more laterally situated cen- 
ters to form the maxillary and palatine 
bones. Mesenchyme in the caudal third of 
the lateral palatine processes expands to 
form the soft palate. 
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Figure 9.17. Ventral views of the roof of the mouth during closure of the lateral palatal processes 
in 27-day (22-mm) ferret embryo littermates. Although both are the same age, the shelves of the 
embryo on the left have elevated and fused over two-thirds of their length, while the shelves of the 
embryo on the right have not yet apposed. Arrows indicate the site of fusion of secondary to primary 
palate (MPP and LPP, medial and lateral palatine processes). 


ORAL CAVITY 


At the time of head folding the roof of the 
stomodeum is formed by the ventral surface 
ectoderm, which underlies the prosenceph- 
alon. Formation of the maxillary and fron- 
tonasal processes expand the cavity rostrally, 
and formation and elevation of the lateral 
palatine processes separate oral from nasal 
cavities. The floor of the oral cavity is ini- 
tially formed from stomodeal ectoderm and, 
caudally, from ventral pharyngeal endod- 
erm. The lateral walls of the oral cavity are 
formed by first visceral arch mesenchyme 
sandwiched between stomodeal and surface 
ectodermal layers. 


Lips and Gums 


On the apposed surfaces of the maxillary 
and mandibular processes, approximately 
midway between the midline and the lateral 
(or rostral) margin of the oral cavity, the 
stomodeal ectoderm thickens (Fig. 9.18). 
This thickening is called the labiogingival 
(vestibular) lamina. It extends in the form of 
an arch along the inner margins of maxillary 
and mandibular processes, running along 
both sides and across the rostral margin of 
these first arch-derived swellings. The band 


thickens, and forms a solid cord of epithelial 
cells which penetrate the underlying mes- 
enchyme. A trough called the labiogingival 
groove (lip sulcus) forms in the band. Ex- 
pansion of the mandibular labiogingival 
groove ventrally and the maxillary groove 
dorsally results in the formation of the ves- 
tibule. The tissue rostral and, varying with 
the species, lateral to the labiogingival 
groove forms the lips. 


Teeth 


Medial to the labiogingival band there 
forms a series of focal thickenings of the oral 
epithelium that are called dental laminae. 
The mesenchyme underlying each dental 
lamina also develops a dense aggregation. 
The dental laminae invaginate, forming den- 
tal buds. The rows of dental laminae in the 
dog are first apparent at 25 days of devel- 
opment, by which stage the embryo is ap- 
proximately 14 mm long and externally re- 
sembles that shown on the bottom of Figure 
9.10. 

Continued expansion and branching of 
the epithelial dental bud results in the for- 
mation of a cup-shaped enamel organ, which 
partially encompasses a neural crest-derived 
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Figure 9.18. A shows a transverse section through the oral cavity of a 19-mm (26-day) ferret 
embryo showing the locations of the labiogingival and dental primordia. The box circumscribes the 
area described in B-H, which illustrate stages of tooth and vestibule development. 
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mesenchymal condensation called the dental 
papilla (Fig. 9.18F). This complex will form 
a deciduous tooth. A bud off of the dental 
lamina between the enamel organ and the 
surface of the oral cavity will later differen- 
tiate into the permanent tooth. Domestic 
animals are diphydonts, which means that 
they produce two sets of teeth. 

Following the cup stage of tooth forma- 
tion, the inner layer of the enamel organ 
differentiates into a population of special- 
ized cells called ameloblasts. These cells pro- 
duce enamel, which is the material that cov- 
ers the crown of the tooth. The epithelial 
cells near the distal (deeper) parts of the cup 
become cementoblasts, which produce ce- 
mentum around the roots of the tooth. In 
each dental papilla those neural crest cells 


Im 
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Labiogingival groove 
Dental bud 


Ameloblast layer 
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located adjacent to the epithelium of the 
enamel organ differentiate into odonto- 
blasts. These cells produce dentin, which 
surrounds the pulp and comprises the major 
structural material of a tooth. 

The earliest tooth to develop is the first 
mandibular molar. Enamel production be- 
gins early in the 8th week of development 
in the dog, slightly earlier in the cat. Erup- 
tion of the teeth occurs postnatally in car- 
nivores but may begin before birth in other 
domestic animals, as summarized in Table 
9.3. 

Many of the tissue interactions necessary 
for the normal development of a tooth are 
known. Neural crest cells excised from the 
oral region will differentiate into odonto- 
blasts when placed in tissue culture next to 
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Figure 9.18 B-H. 
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Table 9.3. 
Eruption of teeth in domestic animals? any embr 
epitheliun 
Animal Deciduous Permanent from the d 
Cat 2(B Ci P3) 2( Ci P3 Mi ing area t 
Incisors: 3-4 weeks? Incisors: 3.5-5.5 months® lars). How 
Canines: 3-4 weeks Canines: 5.5-6.5 months enamel oi 
Premolars: 5-6 weeks Premolars: 4-5 months neural cre 
Molars: 5-6 months | gion. Oth 
Dog 2( Ct P3) 2(8 C1 P$ MÀ) even neur 
Incisors: 4-6 weeks Incisors: | 3-5 months will not p 
Canines: 3-5 weeks Canines: — 5-7 months experimen 
Premolars: 5-6 weeks Premolars: 4-6 months 
Molars: 4-7 months crest mes¢ 
Pig 2(B Ct P3) 218 Ci P4 M3) NER 
Incisors 1 and 2: 1-3 weeks Incisors: 8-18 months pnt aan to 
Incisor 3: Before birth Canines: 8-12 months grating cre 
Canine: Before birth Premolar 1: 3.5-6.5 months pharyngea 
Premolars: 1-10 weeks Premolars 12-16 months competenc 
2-4: 4-6 months The prc 
Molar 1: 7-13 months articul 
Molar 2: 17-22 months particuiar 
Molar 3: gionally-sr 
Sheep 2( C P3) 2( C8 P$ Mà) When pre: 
Incisors: Before birth—up to 8 days? Incisor 1: — 1—1.5 yr tured nexi 
Before birth—up to 4 weeks^ Incisor 2: 1.5-2 yr chyme, thi 
Premolars: Incisor 3: 2.5-3 yr incisorforr 
Incisor 4: Fi yr | unique rol 
Premolars: 21-24 months : 
" Molar 1: 3 months POE 
Hd Molar 2: 9 months 
T Molar 3: 18 months 
i Ox 2(I C8 P3) 2(B C8 P3 M3) Most of 
id incisors: Before birth—up to 2-14 days Incisor1: 1.5-2 yr from invag 
h postnatal? Incisor 2: 2-2.5 yr lium of the 
Hb Premolars: Before birth—up to 2-3 Incisor 3: — 3 years come from. 
LET weeks? Les prd yr lium of th« 
| remolars: 2-3 yr : 
id Molar 1: 5-6 months | cell grow 
en Molar2: ^ 15-18 months extends a 
i Molar 3: 24-28 months branch. Oi 
| Horse 2(B C} P3) 2(B C1 P3 or 4 M3) mass of e 
Incisor 1: 1 week Incisor 1: 2.5 yr system sut 
Incisor 2: 1 month Incisor 2: 3.5 yr The origir 
: Incisor 3: 5-9 months Incisor 3: 4.5 yr the extern: 
l Canines: Never erupt Canine: 4-5 yr The epithe 
i Premolars: Before birth or 1st week post- Premolar 1: 5-6 months the duct s 
‘| natal Premolar 2: 2.5 yr : 
[ Premolar 3: 3 yr ends of the 
i Premolar 4: 4 yr tory acini 
| Molar 1: 1yr duct becon 
Molar 2: 2yr the growth 
Molar 3: 3.5-4.0 yr Ebr the 
; 2 From Habel RE: Applied Veterinary Anatomy, Ithaca, NY, Habel, 1973; and Nickel R, Schummer A, sublingual 
ul Seiferle E, Sack WO: The Viscera of Domestic Mammals. Berlin, Verlag-Paul Parey, 1973. marking tl 
f ^| C, P, M = incisor, canine, premolar and molar teeth. located ro: 
l * All ages postnatal unless otherwise indicated. . DN 
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any embryonic epithelium. This includes 
epithelium from a foot pad, or even that 
from the diastemal region (a nontooth bear- 
ing area between the incisors and premo- 
lars). However, oral epithelium will form an 
enamel organ only when cocultured with 
neural crest mesenchyme from the oral re- 
gion. Other mesenchymal populations, or 
even neural crest cells from other regions, 
will not promote this development. These 
experiments indicate that perioral neural 
crest mesenchyme is different from other 
mesenchymal populations. Research on am- 
phibian tooth development suggests that mi- 
grating crest cells become “activated” by the 
pharyngeal endoderm, and thus acquire the 
competence to promote tooth development. 

The problems of why teeth develop in 
particular locations and have unique, re- 
gionally-specific shapes are more difficult. 
When presumptive molar epithelium is cul- 
tured next to presumptive incisor mesen- 
chyme, the resulting tooth has a distinctive 
incisorform appearance, indicating again the 
unique role of the neural crest in odonto- 
genesis. 


Salivary Glands 


Most of the salivary glands are derived 
from invaginations of the ectodermal epithe- 
lium of the oral cavity, although some may 
come from the adjacent endodermal epithe- 
lium of the oropharynx. A cord of epithelial 
cells grows into the adjacent mesenchyme, 
extends a variable distance, then begins to 
branch. On the ends of the branches a solid 
mass of epithelial cells forms. The entire 
system subsequently becomes hollowed out. 
The original site of invagination becomes 
the external orifice for the exocrine gland. 
The epithelial cord and its branches become 
the duct system and the cells on the distal 
ends of the smallest ducts become the secre- 
tory acini of the gland. In most cases the 
duct becomes greatly elongated as a result of 
the growth of the upper and lower jaws. 

For the mandibular and monostomatic 
sublingual. glands the excretory orifice, 
marking the site of origin of the gland, is 
located rostrally on the lower jaw in the 
linguogingival groove near the rostral attach- 


ment of the tongue. In the 10- to 12-mm 
embryo the primordia of these two glands 
first appear as two linear furrows in the 
groove between tongue and mandible (see 
Figure 9.18). The main ducts are separate 
but the excretory orifice may be common to 
the two duct systems. The polystomatic sub- 
lingual gland consists of multiple micro- 
scopic glands whose ducts enter the main 
excretory duct of the monostomatic gland 
or open on the floor of the oral cavity adja- 
cent to the tongue. 

The excretory ducts of the zygomatic and 
parotid salivary glands enter the vestibule 
lateral to the caudal maxillary teeth. The 
parenchyma of the zygomatic gland is lo- 
cated in the orbit ventrolateral to the eyeball, 
while that of the parotid gland is lateral and 
ventral to the external ear canal. Multiple 
microscopic salivary glands also develop 
from the epithelium covering the lips, 
cheeks, and palate (labial, buccal, and pala- 
tine glands). 


Tongue 


The tongue initially appears as four dis- 
tinct swellings in the floor of the pharynx 
and oral cavity (Fig. 9.19). These outpock- 
etings are, in order of their appearance, the 
median tongue swelling (tuberculum impar), 
which forms on the ventral midline of the 
pharyngeal floor at the junction of the Ist 
and 2nd visceral arches, two distal tongue 
swellings (lateral lingual swellings), which 
are much larger and form in the stomodeum 
on either side of the ventral midline, and the 
proximal tongue swelling (copula), a large 
midventral prominence overlapping the dis- 
tal appositions of the 3rd and 4th visceral 
arches. 

The distal tongue swellings are initially 
filled by neural crest mesenchymal cells of 
the first visceral arch. Caudally this mesen- 
chyme underlies the pharynx; thus, the sur- 
face of the caudal part of the tongue is 
formed from endoderm. However, much of 
the Ist arch is lined by stomodeal ectoderm, 
which contributes to the rostral part of the 
tongue (blue area in Fig. 9.19). These distal 
tongue swellings expand greatly, incorporat- 
ing the smaller median tongue swelling, and 
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Figure 9.19. Development of the tongue. A is a dorsal view of the floor of the stomodeum and 
pharynx showing the locations of glossal swellings; B shows the parts of the adult tongue derived 
from these swellings. I-IV are visceral arches. Blue indicates the region of the glossal surface derived 


from stomodeal ectoderm. 


then fuse in the midline. Together these will 
form the body of the tongue. 

The proximal tongue swelling expands 
and forms the root of the tongue. The vallate 
papillae, which are aligned in a “V” with its 
apex directed caudally, approximately de- 
marcate the body of the tongue from the 
root. As discussed earlier, the muscles of the 
tongue are derived from occipital myotomes 
that secondarily invade the hypoglossal re- 
gion. 

The afferent innervation of the tongue 
reflects the early pattern of development of 
the tongue from several visceral arches. Ex- 
teroceptive (tactile, thermal) sensations from 
the ectodermal epithelium of the first vis- 
ceral arch are mediated by the lingual branch 
of the mandibular (Vth) cranial nerve; those 
from the root, derived from the 3rd and 4th 
arches are mediated by the lingual branch of 
the glossopharyngeal (IXth) cranial nerve. 
Taste is mediated by separate afferent neu- 
rons; those from cranial nerve VII project to 
the body and those from nerve IX to the 
root of the glossal epithelium. 

Like all other parts of the integument, the 


surface of the tongue is a continually renew- 
ing population, with each epithelial cell hav- 
ing a lifespan of 7-10 days. It has been 
experimentally shown that the appearance, 
maturation and maintenance of epithelial 
cells forming each taste bud are dependent 
upon the presence of the gustatory neuron 
dendritic zones. If the VIIth and IXth nerves 
are cut, the taste buds are visibly reduced in 
size within the Ist day after axotomy and 
are completely gone within a week in ro- 
dents. This is another example of a neuron: 
target tissue interaction, similar to those de- 
scribed in Chapters 7 and 8. Only gustatory 
neurons will support taste bud development; 
efferent neurons such as the hypoglossal 
nerve or somatic afferents such as the auri- 
culotemporal nerve will not suffice. 


Pituitary Gland 


When the stomodeum is first formed, the 
ectoderm of the dorsal aspect of this cavity 
is closely apposed to the ventral neurecto- 
derm of the diencephalon. At the site of 
apposition the stomodeal ectoderm thick- 
ens, forming a placode, and then invagin- 
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ates. This invagination is paralleled by an 
evagination of ventral diencephalic neurec- 
toderm, as shown in Figure 9.20. The sto- 
modeal ectodermal evagination forms the 
adenohypophyseal pouch (Rathke's pocket); 
the neurectodermal evagination forms the 
infundibulum. 

This close apposition is maintained even 
though continued growth of the oral region 
greatly expands the distance between the 
floor of the brain and the roof of the oronasal 
cavity. During this period the adenohypo- 
physeal pouch closes, forming a vesicle com- 
pletely separated from the stomodeum. The 
epithelial cells of the adenohypophyseal 
pouch form the endocrine cells of the ade- 
nohypophysis, which forms the pars distalis 
and pars intermedia of the pituitary. The 
infundibulum expands into the caudal sur- 
face of the adenohypophysis. The distal part 
of this diencephalic evagination develops 
into the neurohypophysis. The lumen of the 
neurohypophysis is, in fact, an extension of 
the third ventricle of the hypothalamus. 

Occasionally a canal, the adenohypophy- 
seal foramen, is found in the center of the 
mammalian basisphenoid bone. This results 
from the persistence of epithelial tissue that 
formed the stalk of the adenohypophyseal 
pouch. Unless the stalk remains patent, 
which is very rare, animals with this canal 
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Figure 9.20. Development of the pituitary illus- 
trated in a median section of a 14-mm calf em- 
bryo. The adenohypophyseal pouch (Adeno.) is a 
diverticulum of the stomodeum. The floor of the 
diencephalon evaginates to form the infundibulum 
that develops into the neurohypophysis. 


have no clinical abnormality. It is more 
commonly seen in brachycephalic breeds of 
dogs. 


CRANIOFACIAL SKELETOGENESIS 


The developing head skeleton can be top- 
ographically separated into three parts. The 
neurocranium forms a trough in which all 
parts of the brain except the telencephalon 
lie; it extends rostrally from the occipital 
region to the nasal septum. The dermato- 
cranium includes the roofing bones of the 
skull (the calvaria) and nose. Finally, the 
viscerocranium (splanchnocranium) is com- 
posed of the jaws and other skeletal struc- 
tures that develop within visceral arch mes- 
enchyme. 

The neurocranium initially appears dur- 
ing the 4th week of gestation in the dog as 
several mesenchymal condensations be- 
neath the brain and around sensory epithelia 
(olfactory, optic and otic). These begin to 
chondrify and then grow together (Figs. 9.21 
and 9.22) to form a longitudinal cartilagi- 
nous trough ventral and rostral to the devel- 
oping brain. Dorsolateral extensions of this 


-cartilage form lateral processes that follow 


the changing contours of the brain and sense 
organs. The periocular mesenchymal con- 
densation does not chondrify in mammals, 
but forms the fibrous sclera. 

Later (7th-week dog), several ossification 
centers will appear in this cartilage, marking 
the sites of formation of occipital and sphen- 
oid complexes and the vomer and ethmoid 
bones (Fig. 9.23). These bones form in close 
association with the cartilage tissues and are 
referred to as endochondral or replacement 
bones. Both paraxial mesoderm, caudal to 
the diencephalon, and neural crest mesen- 
chyme, rostrally, contribute to the neuro- 
cranium. 

Concomitantly two series of osteogenic 
foci condense in the mesenchyme between 
the brain and the dorsal and lateral surface 
ectoderm. These foci grow rapidly and form 
the intramembranous (dermal) bones of the 
calvaria. Figure 9.24 summarizes the embry- 
onic sequence of skeletogenesis of the canine 
skull. 

The visceroskeleton includes cartilages 
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Figure 9.21. Schematic illustration showing the early embryonic centers of chondrification beneath 
the brain and associated with special sensory organs. These subsequently fuse together to form the Atlat 
neurocranium. Blue area indicates regions derived from the neural crest. (Redrawn after Weichert 


CK: Anatomy of the Chordates, ed 3. New York, McGraw Hill, 1965.) scie. 
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Figure 9.22. The chondrocranium (stippled) and early-forming intramembranous bones (black) in a 
19-mm (26-day) ferret embryo (a, p and / indicate the anterior, posterior and lateral semicircular 
canals). The insert is a photomicrograph of the specimen from which this sketch was made. 
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Figure 9.23. This illustrates the skull of a 71-mm (40-day) Beagle fetus shown in dorsal view with 
the frontal and parietal bones removed to reveal the floor of the braincase. (From HE Evans (1979).) 
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Figure 9.24. Timetable for ossification of bones in the head of the dog. Numbers represent size of 
the fetus in millimeters when deposition of bone matrix or dental enamel is first detectable. Bones 
formed by endochondral ossification are stippled; those derived from the neural crest are shaded 
blue. The nasal capsule, tympanohyoid and laryngeal skeleton do not ossify. Roman numerals indicate 


foramina of cranial nerves (Redrawn after HE Evans (1979).) 


and both endochondral and intramembran- 
ous bones, all of which are derived from 
neural crest mesenchymal cells. Skeletoge- 
nesis begins in these processes after they 
establish the proper relationships with each 
other, and it is the pattern of growth of these 
skeletal tissues that largely determines the 
final shape of the face. 

The earliest skeletal element to form in 
the viscerocranium is a cartilaginous rod in 
the Ist arch. This mandibular (Meckel’s) car- 
tilage (Fig. 9.22) is subsequently surrounded 
by intramembranous osteogenic sites that 
fuse together to form the mandible. The 
lower jaw articulates with the squamous por- 
tion of the temporal bone, which is of neural 
crest origin. The remainder of the temporal 
bone is derived from paraxial mesoderm. 

Most of the skeletal structures of the re- 
maining visceral arches have been lost or 
greatly modified during vertebrate evolu- 
tion, and there is little remaining in mam- 
mals of the elaborate piscine gill skeleton. 
The 2nd (hyoid) arch mesenchyme gives rise 


to the basihyoid, cells in the 3rd arch to the 
ceratohyoid and epihyoid endochondral 
bones, and the 4th arch to the thyrohyoid. 
Based on apparent homologies it is often 
stated that the laryngeal cartilages are de- 
rived from neural crest cells of the rudimen- 
tary 5th visceral arch. However, experimen- 
tal analyses of the distribution of neural crest 
cells in birds have shown this to be untrue; 
the arytenoid and cricoid cartilages are mes- 
odermal in origin, as are all of the tracheal 
ring cartilages. Since birds do not have a 
thyroid cartilage, there is no conclusive data 
regarding the precise embryonic origin of 
this structure. 

The dorsal skeletal primordia within vis- 
ceral arches | and 2 of primitive vertebrates 
have become highly modified to transmit 
and amplify vibrations from the tympanic 
membrane to the perilymphatic fluid sur- 
rounding the cochlear duct. Embryonically 
the mesenchyme of these arches surrounds 
the 1st pharyngeal pouch, which forms the 
auditory tube and middle ear chamber. 
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Neural crest cells in the 2nd visceral arch 
form part or all (in mammals) of an endo- 
chondral bone called the columella in birds 
and reptiles or stapes in mammals. This 
bone abuts upon the vestibular window (fe- 
nestra ovalis). As shown in Figure 9.25, the 
stapes is a vestige of the large, jaw-supporting 
hyomandibular bone of fishes. Other 2nd 
arch neural crest-derived mesenchyme con- 
tributes slightly to the formation of the otic 
capsule. Whether this contribution repre- 
sents remnants of the more dorsal skeletal 
components of the hyoid arch of fishes is 
not known. 

The dorsal skeletal components formed 
from the Ist visceral arch have also changed 
dramatically during vertebrate evolution. In 
modern birds and reptiles there is a promi- 
nent quadrate bone formed by endochondral 
ossification of these neural crest cells, as 
illustrated in Figures 9.25 and 9.264. The 
lower jaw articulates with this bone, which 
articulates with the skull at the otic region. 
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In mammals the lower jaw articulates di- 
rectly with the squamous part of the tem- 
poral bone. The quadrate, freed of involve- 
ment with jaw movement, has become re- 
duced in size and transformed into the incus 
of the middle ear (Fig. 9.26). Similarly, an- 
other proximal element of the premammal- 
ian Ist arch, the articular bone; has been 
modified and forms the malleus. The mam- 
malian tympanic bulla grows from a ring of . 
dermal bone that is homologous with the 
angular bone of birds and reptiles (compare 
Figs. 9.23 and 9.24 with 9.264). 

The shifting of these tissues to the region 
of the middle ear does not represent a sig- 
nificant change in their original embryonic 
location. Rather, it is the site of jaw:skull 
articulation that has shifted rostrally during 
vertebrate evolution. This example demon- 
strates how a change in one set of tissue 
relations can lead to profound morphologi- 
cal and functional alterations in adjacent 
tissues. 
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Figure 9.25. Evolutionary changes in skeletal structures that are homologous to the mammalian 
middle ear bones, shown schematically in transverse (top row) and lateral views. A, fish; B, primitive — 
reptile; and C, mammal. (Adapted from Romer.) 
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MECHANISMS OF VISCERAL ARCH 
DEVELOPMENT 


Within the visceral arch neural crest pop- 
ulations are cells that form melanocytes, 
cartilages, bones, tendons, dermis, smooth 
muscle, and other connective tissues as well 
as sensory neurons, glia, and Schwann cells 
within the peripheral ganglia and associated 
nerves. Not only do the cells have to become 
programmed and express these diverse, 
unique phenotypes (i.e. cytodifferentiation), 
but they have to do so in particular sites in 
the visceral arch and, together with sur- 
rounding cells, form structures that have the 
appropriate three-dimensional shape. This 
property is called patterning (refer to Chap- 
ter 4). 

While numerous experiments provide 
clues regarding the cytodifferentiation of 
neural crest cells, they do not explain how 
the many different skeletal structures found 
in visceral arches develop in appropriate 
locations and with characteristic, species- 
specific shapes and growth potentials, i.e. 
the problem of patterning. To investigate 
whether patterning is controlled by inter- 
actions emanating extrinsic to the crest 
population or is programmed within this 
mesenchyme, neural crest cells that would 
normally form the 2nd visceral arch. were 
surgically removed from a neurula-stage 
chick embryo and replaced with a crest pop- 
ulation destined to enter the Ist arch. As 
shown in Figure 9.264, the skeletal struc- 
tures normally formed in the hyoid and 
mandibular arches are very different. 

The results of these experiments are most 
dramatic. The transplanted cells entered the 
second visceral arch but formed skeletal 
structures typically found in the mandibular 
arch (Fig. 9.26 B). These host embryos have 
two lower jaws! Thus, the spatial pattern of 
skeletogenesis within a visceral arch is pro- 
grammed in the neural crest population be- 
fore it leaves the neuroepithelium. Differ- 
ences in skeletal morphology between arches 
are based upon the original location of the 
crest primordium along the neuraxis. 

Although patterning is an essential com- 
ponent in the development of all systems, 


its expression is most readily apparent in the 
skeletal system. A comparable, regionally 
specific programming of the mesenchyme 
that forms connective tissues in the limbs 
will be discussed in the next chapter. This 
process is also a key component in vertebrate 
evolution, as developmentally minor altera- 
tions in the expression of a skeletal pattern 
may result in a significant change in the 
adaptive abilities of the animal. Conversely, 
aberrations of patterning are a major cause 
of congenital malformations. The molecular 
basis underlying the acquisition and expres- 
sion of this spatial programming is un- 
known. 


MALFORMATIONS OF THE HEAD 
REGION* 


Defects Related to Abnormal Brain 
Development 


Abnormal closure of the cephalic neural 
tube or a failure of the meninges or roofing 
bones of the skull to develop properly leads 
to defects similar to those described in Chap- 
ters 6 and 8. Anencephaly is an absence of 
brain tissue that results from failure of the 
cranial neural folds to fuse. As was the case 
for myeloschisis, it is not possible for the 
skeletal and connective tissue-forming par- 
axial mesodermal cells to form dorsal roof- 
ing structures without proper neural tube 
closure. Anencephaly most commonly in- 
volves the telencephalic hemispheres. 

The appearance of these animals varies 
depending upon the extent and location of 
the neural defect. At the lesion site the ex- 
posed neuroepithelium degenerates, leaving 
the floor of the neurocranium visible be- 
neath a layer of vascular and meningeal 
tissues. When the prosencephalon is in- 
volved, growth of the upper facial region is 
compromised, causing the eyes to protrude 
from shallow orbital sockets. 


An encephalocele (cranium bifidum, ` 


meningoencephalocele) is a herniation of 
any part of the brain. This occurs if mesen- 
chyme forming any of the skeletal compo- 


* Excluding pharyngeal pouch anomalies, Chap- 
ter 14. 
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Figure 9.27. A illustrates encephalocele in a newborn cat exposed to the drug griseofulvin during 
gestation. B is a dorsal view of a newborn rat pup cleared and stained to show bones; the schisis 
between the frontal bones indicates the location of the encephalocele. The median bone (arrow) 
rostral to the opening is called an interfrontal. This condition in the rat was induced by administering 


aspirin to the pregnant female. 


duction in the normal separation of the pros- 
encephalon into paired cerebral hemi- 
spheres, olfactory system, and optic vesicles. 
Mild forms of holoprosencephaly, in which 
only the olfactory system or corpus callosum 
are affected, have been described in humans 
and probably occur in domestic animals. 

As the severity of the neural defect in- 
creases there is greater compromise of facial 
skeletal structures. The most severe form of 
holoprosencephaly results in cyclopia (circle 
eye), which was described in the Introduc- 
tion. Cyclopia is characterized by a single, 
centrally located orbit (Fig. 9.284) contain- 
ing a normal or rudimentary eye or various 
degrees of fusion of two eyeballs. The eyelids 
are absent or rudimentary, and the nose is 
absent or exists as a tubular appendage, the 
proboscis, located dorsal to the orbit. There 
are no nasal cavities. The ethmoid, incisive, 
and all skeletal structures of the nose are 
absent. The telencephalon consists of a large, 
single cerebral lobe with no olfactory bulbs 
Or nerves. 

A teratogen present in the plant Veratrum 
californicum causes cyclopia if fed to preg- 
nant sheep on the I4th day of gestation. At 
this time the ovine embryo is at the early 
neural plate stage of development. By the 
15th day this teratogen will no longer pro- 
duce craniofacial malformations. 


While the exact mechanism of action of 
this teratogen is not known, analysis of cy- 
clopia produced in amphibian embryos by 
surgical lesioning has clarified how the facial 
dysmorphology arises. As discussed in Chap- 
ter 4, interactions between the presumptive 
neural plate and underlying mesoderm are 
necessary for the region-specific program- 
ming of the neurepithelium. As a result of 
these interactions, paired optic and telence- 
phalic structures are delineated from a single 
median primordia. The bilateral telence- 
phalic neural tissues then cause overlying 
surface ectoderm to form paired olfactory 
placodes. Subsequently, frontonasal mesen- 
chyme derived from the neural crest expands 
over the rostral surface of the prosencepha- 
lon, between the emerging telencephalic 
lobes and, ventrally, the olfactory invagina- 
tions. 

If the initial step in this progression is 
disrupted by lesioning the mesoderm under- 
lying the rostral part of the presumptive 
neural plate, a cyclopic larva is produced 
(Fig. 9.27B). When the neural plate folds 
and closes, a single telencephalic lobe is pro- 
duced, resulting in a single olfactory placode. 
Instead of being paired and located laterally, 
the optic primordia are fused into a single 
optic vesicle that grows from the floor of the 
diencephalon, and only a single lens placode 
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Figure 9.28. Cyclopia in A, a newborn goat and B, experimentally induced in an amphibian larva 
(described in text). Additional examples shown in Figure 1.3 of the Introduction. 


is induced in these animals. Thus, the nor- 
mal route of frontonasal neural crest dis- 
placement is blocked, and none of the tissues 
normally derived from this population can 
develop. 

Cebocephaly (monkey face) is a less severe 


form of holoprosencephaly in which the or- ' 


bits are abnormally close together and in- 
correctly oriented so as to open rostrally. 
Frontonasal structures are present but re- 
duced. Total absence of all prosencephalic, 
frontonasal, and Ist visceral arch tissues re- 
sults in otocephaly (ear head), so named 
because the external ears are located at the 
rostral tip of the head. 


Abnormal Development of Facial 
Mesenchyme 


Abnormal development of the nasolacri- 
mal furrow or duct following fusion of the 
maxillary and lateral nasal processes will 
result in an animal with lacrimal secretions 
flowing over the side of the face. Often a 
minor lesion or blockage of the duct can be 
corrected. 

Failure of these two mesenchymal proc- 
esses to meet and fuse produces a facial cleft 


(Fig 9.29), which is a schisis from the medial 
angle of the eyelids to the oronasal cavity. 
Secondary asymmetries of the face and cleft 
palate usually are present. 

An unusual malformation characterized 
by encephalocele, anophthalmia and severe 
facial defects occurs in the *new look" (East- 
ern) strain of Burmese cats (Fig. 9.30). Be- 


Figure 9.29. Facial cleft in a newborn lamb. The 
embryonic maxillary (Max) and lateral nasal (LNP) 
processes have failed to fuse, leaving a broad 
cleft from the eye to the oronasal cavity. The 
lower jaw is curved to the right, partially obscur- 
ing this cleft. 
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Figure 9.30. Inherited craniofacial malformations in the Burmese cat. A and B show the face and 
profile of an abnormal neonatal kitten with encephalocele, maxillary brachygnathia, four whisker pads, 
and involution of the eyelids due to hypoplasia of the eyes. C illustrates the skeletal defects in the 
roof of the oral cavity (ventro-dorsal view). Note the presence of four canine teeth (arrows) and two 
pairs of maxillae with palatal shelves (M). The palatine bones (P) are enlarged but are not duplicated. 


The incisive bone and teeth are absent. 


tween 25 and 4096 of these kittens lack 
incisive, ethmoid, and nasal bones and nasal 
cartilages, and die shortly after birth. In the 
rostral midline there is an extra pair of max- 
illary bones, including lateral palatine proc- 
esses. The skin covering the abnormal upper 
jaw has four sets of whisker pads rather than 
the normal two. 

This 1s a malformation of patterning, in 
which the frontonasal mesenchyme is defi- 
cient.and becomes programmed to form 
maxillary-type structures, presumably as a 


result of an abnormality in the underlying 
prosencephalon. The condition is inherited 
as an autosomal dominant with incomplete 
expression, and appears to be inseparably 
linked to the *new look" phenotype in Bur- 
mese cats (described in Chapter 5). 

Cleft lip (cheiloschisis), and cleft palate 
(palatoschisis) may occur separately or to- 
gether, unilaterally or bilaterally. Cheilos- 
chisis (Fig. 9.31) results from failure of the 
medial nasal and maxillary processes to fuse 
completely; this is frequently accompanied 


B 


ni 
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Figure 9.31. Cheiloschisis and palatoschisis in a newborn puppy, shown in A, rostral and B, ventral 
views. The lower jaw was removed in B. A cleft lip results from failure of the maxillary (Max.) and 
medial nasal (MNP) processes to unite. In B the nasal septum is visible between the unfused lateral 
palatine shelves. 


by a schisis of the primary palate. Palato- 
schisis is a failure ofthe elevation, apposition 
or fusion of the lateral palatine processes, 
resulting in an opening between oral and 
nasal cavities. When the cleft is bilateral, the 
ventral aspect of the nasal septum is exposed 
and both nasal cavities communicate along 
their entire length with the oral cavity. 

The frequent occurrence of cleft palate in 
animal populations (0.6 cases per 1000 
births) is due to two factors. First, this series 
of events happens later in development than 
most other morphogenetic events; as such, 
it is possible to interfere with palatal shelf 
development and not affect other systems. 
More importantly, there are many relatively 
independent tissues that must develop nor- 
mally and synchronously for the palate to 
form. If the oronasal cavity is too wide or 
the lateral palatine processes are too short, 
which can occur if the migration or growth 
of maxillary neural crest cells are deficient, 
the shelves will not become apposed when 
they reach the horizontal plane. The high 
incidence of cleft palate in brachycephalic 
breeds of dog, especially the Bulldog, may 
be due to these factors. 

The events associated with fusion are in- 
dependent of the position of the shelves, and 
are transient. Thus, if the shelves are not 
apposed at the same time as breakdown of 
the marginal epithelium occurs, fusion will 


not take place. Similarly, disruption of the 
normal biochemical changes in the extra- 
cellular matrix around palatal shelf mesen- 
chymal cells, or a reduction in the straight- 
ening and elongation of the mandibular car- 
tilage, which promotes depression of the 
tongue, can result in palatoschisis. 

Numerous specific causes of cleft palate 
in domestic animals have been reported. 
There is a significantly higher than average 
incidence in Abyssinian cats, which suggests 
a breed disposition. Also, palatoschisis has 
been reported as a recessive inherited trait 
in one strain of Hereford cattle. Cleft palate 
is a common finding in the malformations 
created by the ingestion of various species of 
lupine by pregnant cattle. Scoliosis, torticol- 
lis, and arthrogyposis often accompany cleft 
palate in both the inherited and teratogen- 
induced situations; this syndrome is most 
common in Charolais cattle. 

Many teratogens have been implicated as 
causes of cleft palates. Corticosteroids ad- 
ministered to some inbred strains of preg- 
nant mice between 11.5 and 12.5 days of 
gestation will consistently produce cleft pal- 
ates in the offspring. Hypervitaminosis A 
and folic acid deficiency will also produce 
cleft palates in experimental animals. Gris- 
eofulvin, a ringworm treatment, causes cleft 
palate along with other cranial malforma- 
tions in kittens (Fig. 5.6). Dioxins, a contam- 
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inant of the herbicide Agent Orange and a 
combustion product of PCBs, are potent 
inducers of palatoschisis in the ferret at very 
low (10 parts per billion) levels. 

Various sedatives, anesthetics, and tran- 
quilizers taken by pregnant women prior to 
12 weeks of gestation have been implicated 
in the genesis of cleft palates. In utero infec- 
tions of the developing fetus with the rubella 
virus, the herpesvirus, or the cytomegalovi- 
rus also have produced cleft palates in hu- 
mans. 

Cleft palates occasionally occur in several 
of the newborn in a litter of dogs or cats. 
These are usually sporadic in a breeding 
kennel but the possibility of inheritance 
must not be overlooked. 

Choanal atresia or stenosis causes neo- 
natal dyspnea (respiratory distress). The 
choanae are the caudal openings of the nasal 
cavities into the common nasopharynx dor- 
sal to the soft palate. If these openings fail 
to form in the development of the nasal 
cavities, it 1s termed atresia (a — lacking; 
tresis — a hole). An opening that is patent 
but more narrow than normal is called 
choanal stenosis (Fig. 9.32). 

This condition is most frequently seen in 
horses. With bilateral atresia or severe ste- 
nosis, the foal usually dies shortly after birth 
due to the inadequacy of respiring through 
the mouth. Foals may survive if there is less 
severe stenosis or unilateral atresia, but they 
will by dyspneic, especially upon exercise. 

Embryonic abnormalities of the lower jaw 


Figure 9.32. Equine choanal stenosis. Arrow 
indicates the obstructed passageway between 
nasal cavity and nasopharynx. 


include agnathia (gnathos — jaw), which is 
the complete absence of the lower jaw, and 
mandibular brachygnathia (brachy — short), 
which is reduction in length ofthe mandible. 
This is called an “overshot” jaw. Maxillary 
brachygnathia (“undershot” jaw) is the con- 
dition in which the maxillary region is 
shorter than the mandibles. This is a com- 
mon feature in the brachycephalic breeds of 
dogs. 


Malformation of Oral Tissues 


Abnormalities in the number of teeth are 
numerous. Complete absence of teeth is an- 
odontia. This presumably results from a fail- 
ure of the dental lamina and neural crest 
mesenchyme to interact. 

Extra or supernumerary teeth may occur 
within the jawbone or in other areas of the 
head (heterotopic polydontia) In horses 
these occur near the external ear cartilage 
and are termed “ear teeth" (Fig. 9.33). They 
are often embedded deep in the tissues with 
an ectodermal tract (fistula) extending to the 
surface of the head. Since enamel organs 
normally develop from Ist visceral arch ec- 
toderm, a normal but misplaced tissue inter- 
action could give rise to supernumerary 
teeth displaced towards the external ear 
canal, which is derived from the ectodermal- 
lined furrow located between visceral arches 
1 and 2. 

Secretion of ectopic salivary tissue within 
a cyst around the ectopic teeth may cause a 
swelling that fluctuates on palpation. This 


Figure 9.33. Ectopic “ear teeth” removed from 
an adult horse. 
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cyst probably arises from ectoderm of the 
first visceral furrow that was improperly in- 
corporated into the external ear canal and 
became an inclusion in the adjacent mes- 
enchyme. Ectopic teeth located in other 
parts of the head, including the adenohypo- 
physis have been described in several species. 

Other tissues derived from the oral cavity 
have also been described in ectopic loca- 
tions. For example, pituitary endocrine cells 
can develop in the wall of the nasopharynx. 
These represent abnormal differentiation of 
adenohypophyseal pouch cells in the wall of 
the stomodeal ectoderm rather than in their 
normal location adjacent to the neurohy- 
pophysis. If present in sufficient numbers 
they can produce hormone imbalances. 

Parapituitary epithelial residues are oc- 
casionally found around the adenohypo- 
physis. These epithelial vesicles are rem- 
nants of the hypophyseal pouch that 
differentiate as if they were still part of 
the stomodeal epithelium. They can form 
cysts or produce neoplasms that grow to 
occupy a considerable area, and which then 
embarrass the pituitary or adjacent parts of 
the brain. When neoplastic these are called 
craniopharyngiomas. 

A third example of ectopic differentiation 
of oral tissues has been reported in cats. This 
is the formation of a tuft of hair on the 
surface of the tongue, which represents a 
normal surface ectoderm—neural crest mes- 
enchyme interaction occurring in an inap- 
propriate location, i.e. an error in patterning. 
Similar lesions called dermoids occur on the 
anterior surface of the eye, most frequently 
in cattle and cats. 

A lethal hereditary glossopharyngeal de- 
fect has been described in the Basset hound. 
These newborn puppies have an extremely 
narrow tongue with the lateral, normally 
fimbriated edges folded medially on the dor- 
sal surface of the tongue. This prevents nor- 
mal sucking and may interfere with swallow- 
ing. The shape of the tongue has given rise 
to their designation as “bird-tongue” dogs. 
The tongue malformation has a recessive 
inheritance. 
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GENERAL PRINCIPLES 


Limb abnormalities and dysfunctions are 
among the most commonly encountered 
congenital problems in domesticated ani- 
mals. In part this is because appendicular 
tissues are particularly sensitive to both ge- 
netic (intrinsic) and environmental (extrin- 
sic) perturbations during the stages at which 
morphogenetic tissue interactions are occur- 
ring (Fig. 10.1). 

The frequency of observed limb defects is 
also attributable to the relative autonomy of 
the developing limb. Except for the limb- 


RAT, RABBIT 
FERRET 
DOG, PIG 


CHAPTER 1 0 


innervating regions of the central nervous 
system, other body tissues develop inde- 
pendent of the limbs. This contrasts with 
defects involving the notochord, liver, kid- 
ney, etc., which are more likely to be lethal 
in utero or in early postnatal stages, and are 
less frequently encountered in clinical prac- 
tice. 

In discussing limb development there are 
several features that must be explained. To 
begin with it is necessary to define the origins 
of limb tissues. As was described in Chapter 
8, all appendicular connective tissues arise 
from lateral plate somatic mesoderm, while 
voluntary muscles are of somitic origin. A 
second problem is to identify the mecha- 
nisms controlling shaping (morphogenesis) 
and internal organization (patterning) of the 
nerves, blood vessels, muscles, skeletal and 
connective tissues in the limb. The critical 
period of limb development is coincidental 
with the time at which these processes are 
occurring. 

This stage is followed by a period of rapid 
growth during which muscles and skeletal 
tissues mature, tendons and ligaments are 
formed, and joints develop. For the latter it 
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Figure 10.1. The critical period in mammalian limb development. 
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is necessary that the limb be functionally 
innervated and moving, otherwise anky- 
losis, which is fixation of a joint, will occur. 
This stage lasts until the animal has reached 
its adult size. 


EMBRYOLOGY OF THE LIMB 


The initial event in limb formation is an 
aggregation of lateral plate somatic meso- 
derm beneath the surface ectoderm at four 
discrete sites. This marks the formation of 
the limb buds (see Fig. 1.6). As each limb 
bud enlarges, the surface ectoderm thickens 
in a discrete zone located along the distal 
margin of the bud. This thickening is called 
the apical ectodermal ridge (AER) (Fig. 
10.2). It is found in all tetrapod vertebrates 
and persists until the digital mesenchyme 
has condensed. Normal limb development 
is dependent on the interaction between 
limb bud mesoderm and the apical ectoder- 
mal ridge. 

The limb bud rapidly elongates distally, 
as illustrated in the series of stages shown in 
Figure 10.3. As this occurs, the mesenchyme 


within the bud forms two morphologically 
distinct populations. The proximally located 
mesenchyme is the first to show overt signs 
of cytodifferentiation, forming chondro- 
genic condensations that soon develop into 
the scapula or pelvis, then, later, the hu- 
merus or femur, etc. 

While this is occurring the more distal 
mesenchyme, which is located immediately 
beneath the AER, remains cytologically ho- 
mogeneous. This distal population is the 
source of cells from which the middle (an- 
tebrachial, crural), then distal (carpal, tarsal) 
and, finally, phalangeal structures will se- 
quentially develop. 

The elongating limb becomes flattened in 
the dorsoventral plane of the embryo, and 
the distal part acquires a paddle shape (Fig. 
10.3 B and C). As distal outgrowth contin- 
ues, the limb bends ventrally so that the 
original ventral surface of the limb bud be- 
comes the medial surface. Subsequently the 
limbs rotate, which brings the cranial margin 
of the distal part of the limb medially (Fig. 
10.4). The first digit, then, is derived from 
tissues originally located in the cranial part 
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Figure 10.2. Section through a 6-mm cat embryo immediately caudal to the heart. The limb buds 
of the forelimbs are well developed, although overt differentiation of the skeletal tissues has not yet 
begun. Note the prominent apical ectodermal ridge on the distal tip of each bud. 
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Figure 10.3. Early development of the hind limb (upper row) and forelimb (bottom row) in a carnivore, neus 
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of the limb bud. The descriptions of limb 
development in this chapter all refer to these 
original embryonic axes. 

Within the mesenchyme located imme- 
diately beneath the cranial and caudal ecto- 
derm are areas of cell death called necrotic 
zones. At later stages similar necrotic zones 
will appear in the mesenchyme between the 
digits. Experiments have shown that these 
mesenchymal cells are programmed to de- 
generate as a normal terminal stage of their 
differentiation. This cell death is an impor- 
tant component of the shaping of the limb, 
especially the digits. 

The limb bud is invaded by angiogenic 
cords, which are the primordia of the endo- 
thelial lining of blood vessels, during early 
outgrowth stages (Fig. 10.2). As will be dis- 
cussed in detail in the next chapter, these 
cords are outgrowths from cervical interseg- 
mental arteries. Initially these vessels estab- 
lish an arteriovenous plexus, with a central 
artery connected via many small channels 
to a marginal sinus located along the cranial, 
distal and caudal margins of the limb. In the 
thoracic limb the central artery is a distal 
extension of the subclavian. It subsequently 
forms the brachial and interosseous arteries. 
Nerves enter the limb shortly thereafter, well 
in advance of the onset of myogenesis. 

After the myogenic primordia enter the 
limb bud from the ventral part of adjacent 
somites, they form two distinct condensa- 
tions called the dorsal and ventral muscle 
masses. These condensations subsequently 
segregate into the primordia of individual 
muscles. 


MORPHOGENETIC FIELDS 


Morphogenetic fields are areas of embry- 
onic tissue that appear morphologically to 
be undifferentiated but that can be shown 
experimentally to be committed to particu- 
lar fates. Because it is readily accessible to 
surgical manipulation, the embryonic limb 
primordium is well suited to demonstrate 
the properties of a morphogenetic field, 
properties that are common to many devel- 
oping organs. 


If most of the ectoderm and underlying 
mesenchyme that normally would form a 
limb are removed at a stage prior to any 
visible signs of limb bud formation and are 
implanted in a neutral location, such as the 
wall of the abdomen, they will form a com- 
plete limb in that ectopic site (Fig. 10.5). 
This indicates that the presumptive limb- 
forming tissues are capable of self-differen- 
tiation, in much the same way as were the 
grafted presumptive axial tissues described 
in Chapter 4. 

More surprisingly, the tissue adjacent to 
the wound on the donor embryo will also 
frequently form a complete limb (Fig. 10.5 
B), even though under normal circum- 
stances this tissue would have participated 
in the development of only part of a limb. 
Similarly, if a dorsoventral cut is made 
through the middle of the limb-forming area 
at an early stage, dividing it into separate 
cranial and caudal halves, then two com- 
plete limbs will form, one from each half. 

Both these experiments demonstrate a 
property called embryonic regulation, which 
is the ability of embryonic tissues to recog- 
nize changes in their size or position and 


Figure 10.5. Properties of the morphogenetic 
field, as experimentally demonstrated using am- 
phibian embryos. Removing most of the forelimb 
field (A) does not prevent the normal development 
of a limb (B). This demonstrates the property of 
embryonic regulation. Rotating the excised tissue 
180° and grafting it to an ectopic site (C) results 
in the formation of a misdirected, ectopic limb (D). 
This demonstrates the properties of Eve a 
and self-differentiation. 
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form a complete, patterned set of appropri- 
ate structures. It is different from regenera- 
tion, in which a lost but previously present 
differentiated part is replaced. In embryonic 
regulation a developmental potential, the 
ability to form a complete and normal struc- 
ture, is reestablished in what was previously 
a subpopulation of the original tissue. 

Finally, if the potential limb-forming re- 
gion is rotated 180° around both axes (cran- 
iocaudal, dorsoventral) and reimplanted, a 
limb will develop with a normal dorsoven- 
tral orientation but a reversed craniocaudal 
polarity (Fig. 10.5D). Thus, at least in the 
craniócaudal plane, the presumptive limb- 
forming tissue is polarized early in embry- 
onic development. Rotations at slightly later 
stages result in both planes being reversed. 

Thus, the properties of a morphogenetic 
field are: 


1. Self-differentiation, 
2. Embryonic regulation, and 
3. Polarity. 


Many experiments have shown that the 
limb is not unique in having these proper- 
ties. There is an area in the median part of 
the rostral neural plate from which the optic 
vesicles later develop that displays these 
properties. In addition to limb and eye fields, 
there is a heart field, a mouth field, etc. In 
fact, the entire neural plate and underlying 
mesoderm exhibit all these same properties. 
In all these cases the fate of the field, i.e. the 
fate of the cells considered collectively, is 
unchangeable; one cannot get cardiac struc- 
tures from a limb field. However, the precise 
fates of individual cells are not fixed until 
later stages. 


MECHANISMS OF LIMB 
DEVELOPMENT 


The concept of patterning introduced in 
Chapter 4 is a fundamental feature in the 
development of all multicellular organisms. 
Here again, experimental analyses of limb 
development provided some of the best in- 
sights into how this elusive process occurs 
during vertebrate embryogenesis. The fol- 


lowing four sets of experiments, all per- 

formed on avian embryos, illustrate these 

principles. 

QUESTION 1. Are prospective limb-form- 
ing tissues different from other tissues? 
EXPERIMENT 1: Transplant either (A) 
limb bud mesenchyme beneath flank ec- 
toderm, or (B) limb bud ectoderm atop 

flank mesenchyme. 

RESULTS: In (A) an AER develops in the 
flank ectoderm and a supernumerary limb 
forms. But, in (B), the AER of the grafted 
ectoderm regresses and no ectopic limb 
develops. 

CONCLUSION: Limb-forming mesen- 
chyme is unique in its ability both to 
initiate the formation of an ectodermal 
AER and to provide for maintenance of 
the AER. This mesenchyme also specifies 
the shape and form of the limb, as was 
shown in Chapter 4 (Fig. 4.2). 

QUESTION 2. What is the function of the 
AER? 

EXPERIMENT 2 (Fig. 10.6): Extirpate 
either (B) the AER or (C) the non-AER 
ectoderm from a partially developed limb, 
in this case the wing of a chick embryo. 
An additional test of AER function is to 
(D) graft an extra AER onto an otherwise 
normal limb bud. 

RESULTS: In the absence of an AER, limb 
outgrowth ceases. However, those tissues 
whose primordia were already formed 
continue to develop normally. In contrast, 
removal of non-AER ectoderm does not 
affect the continued morphogenesis of the 
limb. 

If an extra AER is present, limb devel- 
opment is drastically altered, so that two 
distal outgrowths form. One of these is the 
normal one, the other results from the 
ability of the grafted AER to reorganize 
underlying limb mesenchyme, causing it 
to form a second set of distal skeletal 
elements. The results are comparable to 
the effects of splitting the limb field. 

CONCLUSIONS: The AER is essential for 
continued proximodistal outgrowth of the 
limb. This ectodermal thickening can ini- 
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Figure 10.6. Experimental analysis of the role of the AER in avian limb development. A, normal limb 
bud and later limb skeleton. B shows the results of AER extirpation, C of non-AER ectoderm 
extirpation, and D of grafting an extra AER. 
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Distal cap 
Rotated 180? 


Figure 10.8. This experiment demonstrates the effects of rotating distal limb bud mesenchyme and 
ectoderm, including the AER. The original caudal mesenchyme is darkly stippled. Most of the rotated 
distal cap material forms a rotated distal limb (/). However, the nonrotated mesenchyme elicits the 
formation of a new AER, and together these form a limb having normal polarity (//). 


RESULTS 


Figure 10.9. Analysis of the role of caudal mesenchyme in the establishment of craniocaudal polarity 
in the avian limb. Caudal mesenchyme is transplanted to a cranial or distal site. Heavily stippled areas 
indicate tissues transplanted or derived from the graft. In both cases the new limb (/) developed with 
its caudal margin closest to the implanted tissue. 


caudal polarity developed. Detailed anal- 
yses of these embryos indicated that the 
caudally located limb outgrowth devel- 
oped under the control of a new AER, 
which formed in response to an AER- 
promoting influence located in the under- 
lying, nonrotated mesenchyme. This is 
not surprising, given the results of Exper- 
iment | that showed how prospective limb 


mesenchyme can elicit the formation of 
an AER. 

The more cranially located limb out- 
growth developed from the rotated mes- 
enchyme and original AER. Its craniocau- 
dal polarity was reversed relative to the 
host, but was normal for the cap, which 
had been rotated 180". 

When only small pieces of caudal mes- 
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enchyme were grafted, duplicate sets of 
distal limb structures again formed. Usu- 
ally the implanted tissue participated 
along with host mesenchymal cells in the 


formation of these duplicates. However, 


the polarity of the duplicate outgrowth 
varied depending upon the site of graft 
implantation. If the graft was implanted 
proximally, the polarity of the duplicated 
limb was reversed craniocaudally (Fig. 
10.94). When it was placed distally, the 
polarity of the duplicate was normal (Fig- 
ure 10.9B). In all cases, regardless of the 
site of implantation, the duplicate limb 
developed with its caudal margin adjacent 
to the site of mesenchyme implantation. 
CONCLUSIONS: Caudal limb mesen- 
chyme can initiate a reorganization of ad- 
jacent limb mesenchyme and, subse- 
quently, cause the formation of a new 
AER and development of a complete su- 
pernumerary limb. Any extra limb formed 
will develop with its caudal margin adja- 
cent to the grafted caudal mesenchyme. 
This region of mesenchyme has been 
called the zone of polarizing activity 
. (ZPA). 

As with most problems in morphogen- 
esis and patterning, the molecular basis 
for this polarizing activity is not known. 
Most investigators favor the hypothesis 
that craniocaudal polarity is established 
by some biochemical agent produced by 
ZPA cells that diffuses throughout the 
limb. In fact, there are some chemicals, 
vitamin A for example, that can mimic 
the polarizing function of ZPA cells. How- 
ever, our understanding of how mesen- 
chymal cells normally interact with each 
other in a morphogenetic field is too frag- 
mentary to eliminate direct cell-to-cell in- 
teractions as a basis for limb polarization. 

These experiments have defined at least 
a few of the basic parameters by which a 
developing limb becomes patterned. 
Many of the same errors in patterning that 
can be experimentally created in amphib- 
ian and avian embryos occur in domestic 
animals, as will be discussed later in this 
chapter. | 


GROWTH AND SHAPING OF 
SKELETAL TISSUES 


Once condensation of presumptive carti- 
lage cells has occurred in the limb mesen- 
chyme, the tissue can be grown in organ 
culture and will develop with its character- 
istic gross shape. For example, an explant of 
proximal hind limb bud mesenchyme grown 
in culture will form a cartilaginous rod 
capped by a large, eccentric head, which is a 
unique feature of the femur. However, the 
formation of the smaller processes, tuberos- 
ities, and grooves, as well as maintenance of 
intrinsically programmed shapes depend on 
the tensions exerted by muscle (tendon) and 
ligament attachments. 

This stress-dependent reshaping continues 
through the life of the animal, but is most 
active prior to closure of the epiphyseal 
plate. Figure 10.10 illustrates the effects of 
disrupting the normal set of attachments 
upon the neonatal growth of the scapula. 
Considerations of the causes of some limb 
deformities and also of how to correct them 
using applied tensions are extremely impor- 
tant in treating defects in which long bones 
or joints are crooked. Talipes (club foot) in 
humans and angular limb deformities in 
foals are two examples. 


APPENDICULAR MALFORMATIONS 
Limb Reductions 


Many malformations of the limbs involve 
loss of specific parts. These are named using 
the particular defect as a descriptive prefix 
and -melia (melos — limb) or -dactyly (dac- 
tylos — digits) as a suffix. 


Amelia, (a — lack of) complete absence of 
a limb; 

Ectromelia, partial or complete absence of 
alimb or its parts (e.g. carpal ectromelia, 
no carpal bones); 

Hemimelia, absence of half of one or more 
segments of a limb (e.g. radial hemime- 
lia, no radius; the distal structures, such 
as the medial carpals would be present 
but may be dislocated, as shown in Fig. 
10.11); 
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B 


Figure 10.10. Effects of neonatal tenotomy on 
growth of the rat scapula. A, normal scapula. B, 
excision of trapezius and infraspinatus muscles 
results in reduction of the infraspinous fossa. C, 
excision of supraspinatus muscle results in re- 
duction of the supraspinous fossa. 


Meromelia, absence of part of a limb (e.g. 
crural meromelia, absence of tibia and 
fibula); 

Micromelia, a limb that is reduced in size, 
smaller than normal but all its compo- 
nent parts are present; 

Phocomelia, (phoco = seal) absence or 
reduction of one or more proximal limb 
segments, often accompanied by abnor- 
malities of other parts of the limb; 

Syndactyly, fused digits; 

Brachydactyly, shortened digits; and 

Ectrodactyly, absence of one or more dig- 
its. 


Most of these malformations probably re- 
sult from interference with the limb field or 
developing limb bud, similar to the results 
of the experimental manipulations pre- 
sented earlier. 

Syndactyly, the partial or complete fusion 
of digits, can be inherited in cattle, in which 
species it is commonly called mulefoot. The 
right forelimb is most frequently affected 
and the left hind limb is least often affected, 
the reasons for which are unknown. 

As was discussed in Chapter 5, a range of 
limb reductions is frequently seen in the 
same litter or herd. This results from differ- 
ences in penetrance in the case of an inher- 
ited malformation, such as occurs in the 
Dachshund. In these litters the least affected 
might be normal or have unilateral syndac- 


tyly, others could show ectrodactyly or distal 
ectromelia, and the most severely affected 
would have complete ectromelia. One line 
of mixed-Fox Terrier dogs has been de- 
scribed in France in which bilateral thoracic 
ectromelia was inherited as a single auto- 
somal recessive. In the case of defects result- 
ing from teratogenic insult, a broad spec- 
trum of anomalies can be due to differences 
in the exact age of each fetus at the time of 
exposure or to individual differences in fetal 
metabolism. 

Phocomelia is a condition in which the 
proximal but not the distal parts of the limb 


: are missing or malformed. This condition 


was rare in humans until the late 1950s, and 
was subsequently linked to the sedative Tha- 
lidomide. This drug is highly teratogenic if 
ingested between 28 and 50 days of gestation 
in man. 


Limb Duplications 


Polydactyly, the presence of one or more 
extra digits, is common in pigs and cats (Fig. 
10.12). In the “double pawed" cat it is in- 
herited as an autosomal dominant. Partial 
or complete duplication of one limb is called 
bimelia. 

As introduced in Chapter 2, whole or 
partial limbs occasionally are found on ec- 
topic sites. In these cases the malformation 


Figure 10.11. Radiograph of A, normal forelimb 
and B, contralateral malformed limb from a neo- 
natal kitten with radial hemimelia. 
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Figure 10.12. Radiographs showing polydactyly in A, a cat and B, a calf. 


is named according to the location of the 
supernumerary appendage. Notomelia (no- 
tos = back) refers to a limb growing from 
the back of an animal. Perineomelia, in 
which the ectopic limb projects from the 
perineum, has been found in dogs and cattle 
(Fig. 10.13). These cases result from the 
formation of a limb field in the atypical site, 
and it is common to find all or parts of the 
pelvis also present. The ectopic limbs are 
usually devoid of muscle tissues and the 
joints are fused. Whether this is due to an 
early absence of myotome-derived cells or a 
secondary muscle degeneration caused by a 
lack of innervation is not known. 


Limb and Joint Deformities 
ARTHROGRYPOSIS 


Arthrogryposis means crooked limb (ar- 
thro = joint; gryposis = crooked). It is a 
deformity of the limb characterized by cur- 
vature, or retention of a joint in a flexed or 
extended position. The pathogenesis of this 
congenital disease is variable. It can result 
from a primary skeletal-joint malformation, 
from a muscle dysplasia that produces ab- 
normal tensions on joints and secondarily 
causes a deformity, or from a disease or 
lesion of the nervous system that produces 
denervation, lack of muscle contraction and 


secondary abnormal joint formation. Sus- 
tained inequalities in muscle tension or im- 
mobility in utero will cause modification of 
joint. capsules, ligaments and articular sur- 
faces resulting in permanent fixation of a 
joint (ankylosis). All these systems must be 
thoroughly examined in attempting to un- 
derstand the pathogenesis of any one case. 
The causes are variable and include inherit- 
ance, in utero intoxications, in utero infec- 
tions of the embryo, and manganese defi- 
ciencies. 

“Crooked-calf” disease is a form of ar- 
throgryposis that occurs in range cattle 
raised in the western United States and 
Alaska, where various species of the lapine 
plant grow in pastures. The malformation 
includes arthrogryposis of the thoracic limbs 
and occasionally pelvic limbs, scoliosis, tor- 
ticollis, and sometimes cleft palate. The el- 
bows are usually fixed in flexion and cannot 
be extended even after cutting the flexor 
tendons. A malarticulation of the humerus 
and ulna is assumed to be the primary de- 
fect, since no neural or muscle tissue lesions 
are seen. The disease can be reproduced by 
feeding pregnant cows specific lupine species 
between 40 and 70 days of gestation, but the 


actual teratogenic agent in the plant has yet - 


to be isolated (see Table 5.4). 
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Figure 10.13. Perineomelia in a calf. The distal skeletal structures look normal in this radiograph, 
but the tarsus is nodular and the tibia shortened. The other proximal elements were reduced to 
nodules, and there were components of an ectopic pelvis deep to the normal ischium. This animal 
also had atresia ani, absence of the left kidney, and a patent urachus. 


Arthrogryposis can result from in utero. 


Akabane virus infection, which causes de- 
nervation of limb muscles and, subse- 
quently, reduced movement of the devel- 
oping joints. As discussed in Chapter 6, the 
limb-innervating ventral gray column is one 
site of destruction by this virus in the bo- 
vine fetus. Also, an autosomal recessive gene 
has been identified which causes arthro- 
gryposis in Charolais calves. These animals 
have scoliosis and kyphosis, and 40% have 
cleft palate. 

Although much less common, arthro- 
gryposis is also found in foals and is referred 
to as the contracted foal syndrome. Distal 
limb segments are preferentially effected, 
with the metacarpo- and metatarsopha- 


langeal joints twisted and usually flexed. 


Mares delivering these foals frequently suffer 


dystocia. The range of possible causes is 
similar in horses and cattle; inheritance, in- 
fuenza virus and ingestion of locoweed have 
all been implicated in this equine limb de- 
formity. ] 

An hereditary arthrogryposis occurs in 
young Swedish Lapland dogs. This auto- 
soma] recessive disease manifests its clinical 
signs at 5-7 weeks of age. These consist of a 
rapidly progressive weakness and muscle 
atrophy followed by contractures causing 
fixation of joints in different degrees of flex- 
ion and extension. The inherited abnormal- 
ity is an abiotrophy of neurons in the central 
nervous system. The inability of neuronal 
cell bodies to survive is thought to be due to 
the lack of (a-) some vital substance (-bios-) 
in the neuron necessary for its growth 
(-trophy). The rapid, progressive degenera- 
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tion of somatic efferent neurons in the ven- 
tral gray column of the spinal cord accounts 
for the denervation of skeletal muscle and 
its subsequent atrophy. When this occurs in 
the young growing puppy, contractures of 
muscles produce limb deformity. 


HIP DYSPLASIA 


Hip Dysplasia is an inherited condition 
usually associated with large, muscular 
breeds of dogs. It is characterized by abnor- 
mal maturation of the hip joint. Onset of 
signs may occur at 3-5 months or not until 
the dog is fully grown. Many young dogs 
show no evidence of the abnormality, and 
only 75% of dogs that develop hip dysplasia 
are identifiable radiographically at 1 year of 
age; 95% can be identified by 2 years of age. 

Initial signs include stiffness and pain 
upon movement of one or both hind limbs, 
which may progress to more severe lame- 
ness. Anatomic features include a shallow 
acetabulum and flattened, sometimes sub- 
luxated femoral head. The exact pathophys- 
iology is still debated. Some investigators 
believe the skeletal defects are secondary to 
a loosening of the joint capsule, which may 
be due to a disparity in growth rates between 
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skeletal tissues (rapid) and associated mus- 
cles (slower). Others question this hypothe- 
sis, since the condition occasionally occurs 
in medium and smaller sized dogs, such as 
Cocker Spaniels and Corgis. In addition it is 
possible to. aggravate or ameliorate the de- 
gree of dysplasia in many cases by modifying 
diet, exercise, and hormone levels in pups 
during the postweaning period of rapid 
growth. These data suggest that hip dysplasia 
is a multifactorial condition. 

Whatever the mechanisms, there is no 
doubt that hip dysplasia has a heritable com- 
ponent and that transmission is polygenic. 
As such it is more difficult to eliminate from 
a breed than would be a single gene-based 
condition. The breeding of two unaffected 
dogs is no guarantee that all offspring will 
be normal. However, by not breeding mod- 
erately to severely affected animals it is pos- 
sible to significantly reduce the incidence 
(Fig. 10.14). For example, by selective breed- 
ing it has been possible in one study to 
reduce the incidence of hip dysplasia in Ger- 
man Shepherds from 44.3 to 12.4% over a 
7-yr period, with less than half of the affected 
progeny showing moderate to severe symp- 
toms. 


normal dogs 


dysplasia 


1965 1966 1967 1968 1969 1970 1971 1972 
year 


Figure 10.14. Hip dysplasia in young German Shepherd dogs in Switzerland during an 8-year 
campaign in which affected animals were not bred. (After Freudiger et al., 1973, from Hutt FB: 
Genetics for Dog Breeders. San Francisco, WH Freeman, 1979.) 
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Hip dysplasia has been reported in most 
large breeds of dogs but is most frequently 
associated with the following: Bull Mastiff, 
English Springer Spaniel, German Shep- 
herd, Gordon Setter, Newfoundland, Nor- 
wegian Elkhound, Old English Sheepdog, 
Retrievers (Chesapeake Bay and Golden), 
and Saint Bernard. 

Elbow dysplasia is much less common 
and is also a polygenic inherited malforma- 
tion found in the German Shepherd breed, 
and occasionally in Pekingese and other 
breeds. In some dogs it results from a failure 
of the anconeal process to ossify as part of 
the ulna. In others with luxations the sup- 
porting ligaments may be abnormal. Osteo- 
chondrosis may also be involved in the 
pathogenesis. These dogs show thoracic limb 
lameness beginning usually at 4-6 months. 
Unlike hip dysplasia, this condition in Ger- 
man Sheperds responds well to surgical re- 
moval of the affected anconeal process. 
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HEMATOPOIESIS 


Hematopoiesis is the process of blood tis- 
sue formation, of which erythropoiesis, red 
blood cell formation, is one component. 
These processes continue throughout the life 
of the animal, with new blood cells contin- 
ually being produced from stem cells. 

Developmentally, the first blood cells are 
formed in blood islands (Fig. 11.1), which 
are aggregates of splanchnic mesoderm on 
the surface of the yolk sac and the allantois. 


Hemocytoblasts 


Endodermal cells L í 


Blood islands and extraembryonic blood vessels filled with hemocytoblasts (from a 4- 


The peripheral mesenchymal cells of blood 
islands join together to form vesicles, the 
lining of which will become vascular endo- 
thelium. These vesicles coalesce to form vas- 
cular channels that subsequently form the 
vitelline and allantoic vessels. 

The central cells of blood islands are called 
hemocytoblasts and will differentiate into 
blood cells in the early embryo. When the 
liver subsequently develops, it assumes the 
function of blood cell production; other tis- 
sues, including the mesonephros and the 
spleen, act as minor hematopoietic sites. 
During the last third of fetal development, 
hematopoiesis occurs primarily in bone 


- Marrow. 


Until recently the prevailing hypothesis 
concerning the formation of hematopoietic 
cells in the liver has been that they are 
derived from stem cells originating in yolk 
sac mesoderm. This has been proven incor- 
rect in birds by experiments in which the 
entire embryo-producing region of the neu- 


Endothelium 
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rula-stage blastodisk was excised from a 
chick embryo and replaced with homolo- 
gous tissue cut from a quail embryo. As 
expected, all the early blood cells were of 
host (chick) origin, having migrated into the 
grafted embryo from blood islands. How- 
ever, within a few days this population was 
replaced with circulating quail blood cells 
that arose independently in the grafted tis- 
sue. Similarly, later forming lymphoid cells 
are formed intraembryonically, within or 
near to the organs they will populate (e.g. 
thymus, bursa). 

Correlated with these shifts in sites of red 
blood cell production are changes in the 
peptide subunits which, along with heme, 
form the hemoglobin molecule. The pattern 
of change is similar in all higher vertebrates, 
although the names given to specific pep- 
tides vary according to species. Table 11.1 
describes the situation in the mouse. 


ANGIOGENESIS 


The process of blood vessel formation is 
angiogenesis. As already described, angio- 
genesis begins extraembryonically during or 
shortly after gastrulation. At the same time 
angiogenic cords appear within the lateral 
mesenchyme of the embryo. These solid 
strands of splanchnic mesodermal cells are 
first visible lateral to the cardiogenic meso- 
derm. The cords elongate, grow into the 
head mesenchyme, and then become patent. 
They form the aortic arches and dorsal aor- 
tae. It is not known whether all other arteries 
are derived from extensions of these cords, 
nor has the origin of veins been established. 

The mechanisms that control the timing 
of outgrowth and patterning of embryonic 
angiogenic cords are not known. In some 
adult tissues and tumors there are angiogen- 


Table 11.1. Hemoglobin development in the 
mouse 


Composi- 


Hemoglobin type tion Source 
Embryonic X2 Y2 Yolk sac 

Fetal, 82X» (Yolk sac), liver 
Fetal, a2 Yə (Yolk sac), liver 
Adult az bz Bone marrow 


esis-promoting factors that stimulate the 
growth of blood vessels. However, compa- 
rable factors have not been found in young 
embryos. 


AORTIC ARCH TRANSFORMATION 


The early embryonic circulatory system, 
outlined in Chapter 1, consists of a single 
tubular heart continuous cranially with 
paired ventral aortae and aortic arches that 
empty into dorsal aortae. The two dorsal 
aortae fuse caudal to the heart but separate 
again in the abdomen of young embryos. A 
pair of vitelline arteries to the yolk sac and, 
later, a pair of umbilical arteries to the allan- 
tois branch from the dorsal aortae at the 
midthoracic and caudal lumbar levels. 

There are five pairs of aortic arches con- 
necting the ventral to the dorsal aortae in 
higher vertebrates. Each aortic arch passes 
through the mesenchyme of a visceral arch 
cranial to the corresponding pharyngeal 
pouch (Fig. 11.2; see also Figs. 1.5 and 1.6D. 
Primitive vertebrates have six (or more), but 
the 5th aortic arch is absent in birds and 
mammals. 

All five pairs are never present at the same 
time in higher vertebrate embryos. This is 
because aortic arches 1 and 2 degenerate 
during the formation of the more caudal 
arches. Originally, there are two separate 
ventral aortae. However, as aortic arches 3, 
4 and 6 develop, the ventral aortae fuse to 
form a single ventral aortic root or aortic 
sac. This serves as a common chamber de- 
livering blood to aortic arches. 

Transformation of the aortic arches in- 
cludes all those changes that result in the 
eventual formation of the carotid, pulmo- 
nary, and subclavian arteries, and the tho- 
racic part of the aorta, as outlined in Figure 
I.1 of the Introduction. The major processes 
operating during these events are degenera- 
tion of certain vessels and differential growth 
of portions of others. Most of these changes 
occur during weeks 3 and 4 of development 
in dogs, weeks 3-7 in horses, and weeks 4- 
7 in man. At this period the embryo grows 
from a 2- to 3-mm long neurula to an em- 
bryo of approximately 10 mm. These arterial 
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Figure 11.2. Schematic left lateral view of the initial stages of transformation of the aortic arches 


and formation of the vertebral artery. 


changes occur simultaneous with the sepa- 
ration of pulmonary and systemic channels 
and the partitioning of the heart (see Table 
12.1). 

The sequence of events during transfor- 
mation of the aortic arches in mammalian 
embryos includes the following: 

1. Aortic arches 1 and 2 degenerate fol- 
lowing a relatively short (3-5 days) period 
of function, soon after the formation of 
arches 3 and 4 (Fig. 11.2 A and B). However, 
the rostral parts of the dorsal aortae, which 
were associated with arches 1 and 2, are 
retained and establish the internal carotid 
arteries. 


2. The segment of each dorsal aorta lo- 
cated between the 3rd and 4th aortic arch 
degenerates (Fig. 11.2C). This leaves the 3rd 
aortic arches as the major arterial channels 
from the heart to the head, and the 4th aortic 
arches as the principal channels to the trunk. 
The paired dorsal aortae extending caudally 
from the 4th arches to the single, median 
aorta are called the dorsal aortic roots (Fig. 
11.34). l 

As the facial tissues develop, a vessel arises 
from the proximal (ventral) part of each 3rd 
arch to deliver blood to them (Fig. 11.2C). 
Indications are that in domestic animals the 
proximal part of this vessel, which is the 
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external carotid artery, is formed from rem- 
nants of the cranial ventral aorta and part 
of the second aortic arch. 

3. Each pulmonary artery arises as a 
branch from the 6th aortic arch (Fig. 11.2C). 
Later, the distal (dorsal) part of the RIGHT 
6th aortic arch degenerates between the pul- 
monary artery and the right dorsal aortic 
root. On the left the homologous segment 
persists and becomes the ductus arteriosus 
(refer to Fig. I.1). 

4. A series of cervical dorsal intersegmen- 
tal arteries branch from both dorsal aortic 
roots. Initially these small segmental arteries 
grow dorsally between the somites (refer to 
Figs. 1.5 and 8.2). Later, each forms a dorsal, 
intersomitic branch supplying epaxial tissues 
and a ventral branch to hypaxial structures. 
Anastomoses form between adjacent dorsal 
branches in the cervical region, establishing 
a longitudinal vessel called the vertebral ar- 
tery on each side of the embryo (Fig. 11.2C). 
All but the most caudal of the cervical inter- 
segmental arteries, usually the 7th, then de- 
generate. On both sides of the embryo this 
remaining intersegmental artery forms a 
ventral branch that enters the base of the 
thoracic limb bud. This will become the 
distal part of the subclavian artery (Table 
11.2). 

5. The right and left subclavian arteries 
initially form symmetrically. However, 
asymmetries in patterns of vascular degen- 
eration and growth result in their assuming 
quite different appearances, as shown in Fig- 
ures 11.3 and 11.4. The RIGHT dorsal aor- 
tic root degenerates CAUDAL to the origin 


Table 11.2. 
Transformation of the aortic arches 


of the last dorsal cervical intersegmental ar- 
tery (the 7th). As a result there is no direct 
connection between the right aortic arch 
complex and the dorsal aorta serving the 
trunk region. The vessel on the right side 
consisting of the right 4th aortic arch, the 
remaining part of the right dorsal aortic root, 
the right caudal dorsal cervical intersegmen- 
tal artery and its ventral branch is the right 
subclavian artery. 

The left subclavian artery is initially 
formed similarly, as a branch of the left 
caudal dorsal cervical intersegmental artery. 
However, on the left side the entire dorsal 
aortic root persists as the thoracic segment 
of the definitive aorta. 

Shortly after the arterial branches to the 
forelimb buds are established, the body of 
the embryo undergoes a rapid elongation, 
causing the heart to be displaced from the 
neck region into the thorax. During this 
elongation the distance between the first rib 
and the caudal part of the dorsal aortic roots 
increases greatly. 

The base of the left subclavian artery is 
attached to the left dorsal aortic root, cau- 
dally, and on its way to the forelimb it passes 
cranially around the Ist rib. Rather than 
become stretched during elongation of the 
neck and thorax, there is a cranial shift in 
the site at which this artery branches from 
the left dorsal aortic root, as shown in Fig- 
ures 11.3 and 11.4. The shift is greatest in 
the horse and ruminants (Fig. 11.5), in 
which the left subclavian shifts cranially 
onto the brachiocephalic trunk. 

The proximal part of the right subclavian 


Adult artery 
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Common carotid artery 
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Figure 11.4. Development of the brachiocephalic trunk and subclavian arteries in the horse. Note 
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Vitums, 1969.) 
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artery, which was formerly the right 4th 
aortic arch, also shifts cranially (Fig. 11.3). 
It usually becomes a branch of the brachi- 
ocephalic trunk. 

6. The brachiocephalic trunk develops 
from the remodeling of the aortic sac and 
the proximal part of the left and right 3rd 
and 4th aortic arches. This transformation 
results in it being the first extracardiac 
branch off of the aorta. From it arise the 
common carotid and right subclavian arter- 
ies. In the horse, cow and pig the common 
carotids fuse, forming a bicarotid trunk (Fig. 
11.5). Deviations from the typical pattern of 
great vessel branching can also occur among 
members of the same species, especially in 
the smaller domestic and laboratory animals 
(Fig. 11.6). These usually are not associated 
with clinical signs. 

Transformation of the aortic arches oc- 
curs simultaneously with the partitioning of 
the heart into its four chambers, which al- 
lows for separate pulmonary and systemic 
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Figure 11.6. Variation in the pattern of branching of major thoracic arteries in 
rabbit. (After Alberch, 1980.) 


Aorta 


circulation. Critical to this separation 1s the 
formation of a partition, the aorticopulmon- 
ary septum, in the aortic sac between the 
origin of the 4th and 6th arches. Later, this 
partition fuses with a septum that bisects the 
truncus arteriosus (see Fig. 12.9), and to- 
gether these segregate pulmonary from sys- 
temic cardiac outflow channels. 

Postnatally, blood leaving the right side of 
the heart passes through the proximal part 
of the 6th aortic arches on its way to the 
lungs, where gas exchange occurs. In con- 
trast, blood entering these arches in the fetus 
is already oxygen-rich, having come from 
the placenta to the right side of the heart. 
While some fetal blood does flow to the 
lungs, most passes directly into the left dorsal 
aortic root via the ductus arteriosus, which 
is the distal part of the left 6th aortic arch. 
Following the translocation of the left sub- 
clavian artery, the ductus arteriosus enters 
the aorta caudal to both the brachiocephalic 
trunk and the left subclavian artery. In some 
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species, notably cattle, the ductus arteriosus 
is larger than the proximal segment of the 
aorta; this narrowed segment of the aorta 
between the ductus and the brachiocephalic 
trunk is called the aortic isthmus. During 
the Ist week after birth, the ductus arteriosus 
closes. However, a fibrous remnant, the li- 
gamentum arteriosum persists. 

The relation between the 6th aortic arches 
and the recurrent laryngeal nerves, which 
are branches of the vagus nerve that inner- 
vate the laryngeal muscles, was described in 
the Introduction. As the neck and thorax 
elongate, these nerves are pulled caudally by 
the shifting 6th aortic arches. The left recur- 
rent laryngeal nerve remains caught behind 
the ductus arteriosus. However, after the 
distal part of the right 6th aortic arch atro- 
phies, the right recurrent laryngeal nerve 
slips forward until it reaches the right 4th 
aortic arch, which has become the proximal 
part of the right subclavian artery. In adult 
horses the long, circuitous pathways of these 
nerves are thought to be important in the 
pathogenesis of a disease called roaring, in 
which the laryngeal muscles on the left side 
are paralyzed. 


BRANCHES OF THE DORSAL AORTA 


Dorsal, lateral, and ventral branches arise 
from the aorta (Fig. 11.7) The dorsal 
branches are segmentally arranged in pairs 
between embryonic somites. The lateral 
branches are paired but irregularly segmen- 
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Figure 11.7. Schematic transverse section of 
the aorta showing all possible embryonic 
branches. Ventral branches may be initially 
paired, but only one, usually the right, persists. 


tal. The ventral branches occur singly and 
are irregularly segmented. 


Dorsal Intersegmental Arteries 


These vessels arise bilaterally between the 
somites along the full length of the aorta and 
its roots, and supply many of the derivatives 
of somitic mesoderm. A dorsal branch sup- 
plies the neural tube and epaxial tissues (Fig. 
8.2), while a ventral branch supplies hypax- 
ial tissues. 

The occipital dorsal intersegmental arter- 
ies regress soon after their formation. Most 
of the cervical dorsal intersegmental arteries 
are similarly transient, except for the most 
caudal that is retained as part of the subcla- 
vian and vertebral arteries. Branches of the 
thoracic dorsal intersegmental arteries form 
the bilateral intercostal arteries, and the ab- 
dominal dorsal intersegmental arteries form 
the paired lumbar arteries. Derivatives of 
the 7th lumbar dorsal intersegmental artery 
that grows into the pelvic limb bud will be 
discussed in the section on Ventral Aortic 
Branches, below. 


Lateral Aortic Branches 


For the most part these paired, irregularly 
segmented branches supply the derivatives 
of the intermediate mesoderm including the 
adrenal gland and the urogenital system. 
The definitive vessels formed from these 
lateral branches are the paired phrenicoab- 
dominal, renal, ovarian or testicular, and 
the deep circumflex iliac arteries. Multiple 
lateral branches that supply the meso- 
nephros in the fetus atrophy as the meso- 
nephros degenerates. 


Ventral Aortic Branches 


These large, irregularly segmented arteries 
grow and branch throughout the dorsal mes- 
entery to supply the splanchnic mesodermal 
and endodermal tissues of the thoracic and 
abdominal cavities. Although initially 
paired, the left ventral branches usually de- 
generate early in development. The vitelline 
arteries are embryonic ventral branches that 
supply the yolk sac. Normally only the right 
persists, forming the cranial mesenteric ar- 


tery. The other permanent ventral branches 
include the bronchoesophageal, celiac and 
caudal mesenteric arteries. 

The umbilical arteries initially arise as 
several pairs of ventral branches from the 
caudal dorsal aortae to supply the allantois. 
In the embryo and fetus these arteries course 
cranioventrally along the urachus, which is 
the intraembryonic stalk of the allantois, and 
through the umbilicus to supply the meso- 
derm of the chorioallantois. The multiple 
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are formed by fusion of the paired dorsal 
aortae and proximal umbilical arteries. 

At birth the umbilical arteries collapse 
distally from contraction of the muscles in 
their wall. The segment located between the 
bladder and the umbilicus in the median 
ligament of the bladder completely degen- 
erates, but a remnant does persist between 
the internal iliac artery and the bladder. 
Coursing through the edge of the lateral 
ligaments of the bladder, these vessel rem- 


roots of the umbilical arteries degenerate, nants and their mesenteries form the round Umb, ^ 
and a large anastomosis forms linking each ligaments of the bladder. In some individu- l 
of these large vessels with a 7th lumbar als part of the umbilical arteries remain pat- 
dorsal intersegmental artery (Fig. 11.8). ent and supply blood to the apex of the 
The umbilical arteries also send branches bladder by small branches, the cranial vesi- 
into the nearby pelvic limb buds. After the cal arteries. The proximal part of the origi- 
external iliac arteries develop, the appendic- nal umbilical arteries is retained as the com- 
ular branches of the umbilicals partially de- mon and proximal internal iliac arteries. 
generate. The distal parts of these vessels are Figure 1 
retained and incorporated into the definitive and shift 
vasculature (popliteal and tibial arteries) of AORTIC ARCH MALFORMATIONS 
the hind limb. The internal iliac arteries also Patent Ductus Arteriosus (PDA) dieu 
arise as branches of the umbilical arteries. 
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Aorta 


Figure 11.9. Schematic dorsal views showing the progressive fusion of the caudal dorsal aortae 
and shift in branching sites of the external iliac arteries. 


the lungs will receive an adequate flow of 
unoxygenated blood from the pulmonary 
trunk. This closure involves functional and 
anatomical phases. The wall of the ductus 
arteriosus, unlike the aorta, has a large 
amount of smooth muscle that contracts 
when exposed to increased levels of oxygen 
in the blood, as occurs at birth upon the 
initiation of respiration. This contraction 
and functional closure of the ductus occur 
within a few hours or days of birth. Pub- 
lished data give variable times depending on 
the species studied and the method of anal- 
ysis. Beginning a week after birth the lumen 
of the ductus is slowly obliterated by prolif- 
eration of connective tissue. This completes 
the conversion of the ductus into the liga- 
mentum arteriosum. 

The mechanisms of closure are not fully 
known. If the newborn is hypoxic, i.e. de- 
prived of oxygen, closure is delayed. Also, 
administration of prostaglandin E maintains 
patency. This prostaglandin has been used 
in human neonates born with certain heart 
malformations, in order to retain sufficient 
mixing of oxygenated with venous blood 
until corrective surgery can be performed. 
Conversely, antagonists of prostaglandin ac- 


tion, including aspirin and indomethacin, 
have been used to facilitate or augment clo- 
sure of the ductus arteriosus. 

Simultaneous with this closure there occur 
a number of important changes in, blood 
pressure and flow as the neonate adapts to 
its new environment. These also affect the 
closure of the ductus and the direction of 
flow should it remain patent. In the fetus 
the right side of the heart receives a large 
flow of umbilical blood via the caudal vena 
cava and is pumping part of this blood 
throughout the abdominal and caudal cir- 
culation via the ductus arteriosus and aorta. 
The pressure on the right side of the heart 
(right ventricle + pulmonary trunk) is simi- 
lar to or slightly greater than that of the left 
side (left ventricle + aorta). There is a rela- 
tively high resistance to blood flow through 
the developing lungs because vessels forming 
the pulmonary vascular bed do not expand 
until after birth. Thus the blood flows 
through the ductus from right to left (pul- 
monary trunk to aorta) in the fetus. 

At birth, with the onset of respiration, 
there is a sudden decrease in pulmonary 
vascular resistance resulting from the expan- 
sion of the lungs and concommitant vaso- 
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Figure 11.10. Angiograms of the aortic arch in normal and abnormal dogs. A, normal aortic 
i angiogram, with contrast material filling the brachiocephalic trunk (BT) and left subclavian artery (LSc) 

as well as the aorta (A). The site of ductal closure is evident as a small indentation in the ventral 
| aortic wall (arrow). B, Ductus diverticulum. The ductus arteriosus remains open over part of its length, 
producing a funnel-shaped ductus diverticulum (arrow). C, Patent ductus arteriosus with left-to-right 
shunt. Contrast medium injected into the ascending aorta passes to the pulmonary trunk (PT) through 
a funnel-shaped PDA (arrow). D, Patent ductus arteriosus with right-to-left shunt. Injection of contrast 
medium into the right ventricle results in simultaneous opacification of the pulmonary trunk (PT), 
pulmonary arteries (PA), ductus arteriosus (DA), and descending aorta (A). (From Patterson DF: In 
Rosenquist GC and Bergsma D (eds); Morphogenesis and Malformation of the Cardiovascular System. 
New York, AR Liss, 1978. 
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Figure 11.11. Patent ductus arteriosus. 
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dilation of the vascular bed. With this si- 
multaneous decrease in pulmonary resist- 
ance and loss of umbilical venous flow at 
birth, the pressure on the right side of the 
heart drops. Left heart pressure increases 
from the increased volume of blood entering 
from the pulmonary veins, the increased 
peripheral resistance due to collapse of the 
umbilical arterial circulation and the neces- 
sity for the left heart to supply all of the 
blood to the systemic circulation. Once pres- 
sure in the right heart drops below that in 
the left heart, the direction of blood flow 
through the ductus arteriosus is reversed, 
going now from left to right (aorta to pul- 
monary trunk). Occasionally this regurgita- 
tion of blood through the still patent ductus 
arteriosus is audible for a few days after 
birth. This is especially true in sheep, cattle, 
horses and, less often, pigs. It is difficult to 
hear in puppies and kittens. 

Most abnormal heart sounds are called 
murmurs, and they result from an increased 
fluid turbulence within the heart or great 
vessels. The PDA murmur is normal at birth 
but quickly disappears as functional closure 
occurs. When the ductus arteriosus fails to 
close, the murmur persists and this charac- 
teristic sound is helpful in the diagnosis of 
this abnormality. 

PDA is the most common cardiovascular 
malformation in dogs (see Tables 12.2 and 
12.4). In one study 0.5% of all canine pa- 
tients studied had congenital heart disease, 
and 28% of these were cases of PDA. There 
is a breed predisposition with Miniature and 
Toy Poodles, Collies, Pomeranians, Cocker 
Spaniels and German Shepherds more fre- 
quently afflicted. A hereditary basis has been 
established in the Miniature and Toy Poo- 
dles (see Table 12.3). This may involve an 
abnormality in the smooth muscle of the 
ductus, perhaps owing to lack of responsive- 
ness to oxygen or antiprostaglandin stimu- 
lation. Hypoxia at birth may be contribu- 
tory. In humans PDA is occasionally asso- 
ciated with in utero rubella (German mea- 
sles) infections. ' 

Signs of this disease are extremely vari- 
able. The condition is often recognized by 


the presence of the characteristic murmur in 
an otherwise normal dog presented for rou- 
tine vaccination. The abnormal sound most 
frequently associated with PDA is called a 
machinery murmur since it is continuous 
through all phases of the cardiac cycle. This 
is because the aortic pressure exceeds pul- 
monic pressure throughout the entire car- 
diac cycle. Thus, flow through the PDA is 
continuous and the accompanying turbu- 
lence of the blood causes the murmur. Poor 
growth resulting in a stunted animal, rapid 
and labored respirations (dyspnea) and ab- 
normal lung sounds (rales) may develop as 
heart failure occurs due to the abnormality 
in circulation. Heart failure simply means 
an inability of one or both sides of the heart 
to meet the minimal requirements of periph- 
eral tissues or to accommodate venous in- 
flow. 

As a rule the aortic (left side) pressure 
exceeds pulmonic (right side) pressure, thus 
blood flows through the ductus from left to 
right (Figs. 11.10C and 11.11B). This over- 
loads the pulmonary vasculature and in- 
creases pulmonary venous flow to the left 
atrium, causing it to enlarge. The left ven- 
tricle ultimately dilates and hypertrophies 
due to the increased volume of blood enter- 
ing from the left atrium and also the in- 
creased demands of the systemic circulation 
for oxygenated blood. When the left heart 
cannot keep up with this overload, pulmo- 
nary congestion occurs. Inadequate draining 
causes fluid to be lost into the lungs and 
signs of respiratory failure occur. 

Surgical ligation of the PDA will prevent 
this left-sided heart failure from occurring 
and is often recommended even in the pa- 
tient who is physically normal but has the 
characteristic murmur. The untreated ani- 
mal has a high susceptibility to congestive 
heart failure as a young dog. The degree of 
recovery following surgery in the dog already 
in heart failure depends on the severity of 
the cardiac malfunction and the health of 
the animal. 

Occasionally a different manifestation of 


cardiopulmonary response occurs to a PDA.: 


This is especially true if the ductus arteriosus 
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remains very dilated so that a large volume 
of blood shunts from aorta to pulmonary 
trunk. This constant overload on the pul- 
monary vasculature may induce the forma- 
tion of fibrotic tissue in the wall of small 
arterioles of the pulmonary vasculature 
(Figs. 11.10D and 11.11C). This restricts 
flow through the pulmonary vascular bed 
and thus creates a marked resistance to the 
flow of blood in the pulmonary trunk, a 
condition called pulmonary hypertension. 
The right ventricle hypertrophies to accom- 
modate to this increased pulmonary resist- 
ance. 

Ultimately pressure exerted by the right 
side of the heart exceeds that of the left and 
blood begins to flow through the PDA from 
right to left (pulmonary trunk to aorta). 
Thus, unoxygenated blood is shunted into 
the aorta caudal to the great vessels that 
supply the head. This usually results in pel- 
vic limb weakness and collapse, especially 
upon exercise. The case presented in the 
Introduction was typical of this condition. 
Cyanosis, which is the appearance of a blue 
color in normally pink mucous membranes 
and extremities, and occasionally total col- 
lapse with loss of consciousness (fainting/ 
syncope) will follow as the degree of hyper- 
tension and reversal of flow through the 
PDA worsens. Heart failure is of a right 
ventricular type, which results in systemic 
edema. These cases are usually refractory to 
surgical treatment. 

Another possible basis for the pulmonary 
hypertension associated with a large PDA is 
a postnatal failure of the pulmonary vascular 
bed to undergo vasodilation upon initial 
respiration. As a result the resistance to 
blood flow through the lungs is maintained 
at high (fetal) levels. Subsequently, the nght 
ventricle dilates and hypertrophies from pul- 
monary hypertension, leading eventually to 
a right-to-left flow of blood through the duc- 
tus arteriosus. 


Vascular Ring Anomalies 


There are several combinations of abnor- 
malities in aortic arch transformation that 
result in a complete or partial vascular ring 
being formed around the esophagus and tra- 
chea (Figs. 11.12 and 11.13). The key to 
understanding how this can happen lies in 
the relation of embryonic aortic arches to 
the gut tube. Recall that each aortic arch 
originates midventrally and then passes 
around the foregut to one of the paired 
dorsal aortae. Each 3rd arch enters a sepa- 
rate, left or right dorsal aorta, a condition 
which is retained in the adult. However, the 
4th and 6th aortic arches enter dorsal aortic 
roots which fuse in the midline dorsal to the 
gut, forming the aorta. 

Normally only the left 4th and left 6th 
aortic arches retain this ventral-to-dorsal 
connection. However, if either the 4th or the 
6th arch retains a ventrodorsal connection 
around the RIGHT side of the gut (esopha- 
gus) while the other is around the left, the 
esophagus will become constricted between 
them. Any malformation of this type is 
called a vascular ring anomaly. 

The signs of a vascular ring malformation 
typically begin when the animal is weaned 
and begins to consume solid foods. Post- 
prandial (after eating) regurgitation of un- 
digested food occurs. The esophagus second- 
arily dilates cranial to the stricture producing 
a megaesophagus cranial to the base of the 
heart. Radiography after feeding the animal 
an emulsion of barium sulfate (Fig. 11.12B) 
will demonstrate the site of the megaesoph- 
agus and differentiate this condition, which 
is produced by a vascular ring anomaly, 
from a neuromuscular esophageal defect, 
which causes the entire thoracic esophagus 
to enlarge. 

Vascular ring anomalies occur most com- 
monly in German Shepherds, Weimaraners, 
and Irish Setters, but have been reported 
occasionally in all domestic animals. 


CASE HISTORY 
Signalment: Ten-week-old male German shepherd with vomiting and reduced weight 


gain. 
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vomitus was undigested and often tubular shaped. 


| 
i | History: Following weaning the puppy often vomited his meal shortly after eating; the 
| Physical Exam: Physical examination was normal. 

1 


dM Assessment of History: 
i FACTS INTERPRETATION 


LEE Postprandial regurgitation of ^ Suggests that solid food was unable to enter the 

HB undigested food; onset at stomach. Could be constriction of the esophagus 

time of weaning. due to (a) a congenital vascular ring defect, (5) a 
neuromuscular defect, or (c) a focal hypoplasia. 
An acquired disease (abscess, inflammation, in- 
jury) is uncommon at this age, although obstruc- 
tion by a foreign body is possible. 

Other acquired neuromuscular diseases affecting the 
esophagus (botulism, myasthenia gravis, and poly- 
myositis) are unusual at this age and normally 
cause signs of weakness in other muscles. 


Other signs normal 


Radiological Exam: A thoracic radiograph showed a ventral displacement of the trachea 
in the cranial mediastinum. Following feeding of barium sulfate, radiographs revealed 
a dilated esophagus cranial to the base of the heart and only a small amount of barium 
sulfate had reached the stomach (Fig. 11.12). 

Él Assessment of Radiological Exam: 

n FACT INTERPRETATION 


| Ventral deviation of trachea The trachea may be displaced by a megaesophagus 
in cranial mediastinum 

| Esophagus enlarged cranial to Highly suggestive of a vascular ring malformation 
[ the heart which constricts the esophagus over the base of 
| the heart causing megaesophagus cranial to it. A 
i congenital neuromuscular defect of the esophagus 
j would cause dilation of the esophagus to the level 
| a of the diaphragm. 


Conclusion: The presumptive diagnosis is a vascular ring malformation causing mega- 
bo esophagus and regurgitation of solid food. Additional angiographic analyses would be 
bee necessary to determine precisely which vessels were abnormally formed and causing a 
constriction. Surgical correction of the vascular ring malformation will usually alleviate 
the condition, although if the megaesophagus is extensive some dilatation will always 


remain. 


Most of these vascular ring anomalies are 
associated with a persistent right 4th aortic 
arch. If the RIGHT 4th aortic arch becomes 
the arch of the aorta and the RIGHT 6th 
aortic arch persists as the ductus arteriosus, 
there is no vascular ring. However, if the 


left dorsal aortic root) on the left. Frequently 
an anomalous left cranial vena cava accom- 
panies this anomaly (see Fig. 13.5). 

This is the most common form of vascular 
ring malformation. Surgical removal of the 
offending ductus or ligamentum and dissec- 
tion of the fibrous tissue in the wall of the 


| LEFT 6th aortic arch persists as the ductus Figure ` 
arteriosus with a RIGHT 4th aortic arch for esophagus at the site of the stricture will being fe 
the aorta, then a complete vascular ring is usually relieve the condition. megaes 


created around the esophagus (Fig. 11.132). 
Postnatally this 6th aortic arch may be pat- 
ent or converted into the ligamentum arter- 
iosum. The vascular circle includes the base 
of the heart ventrally, the arch of the aorta 
on the right (right 4th aortic arch and right 
dorsal aortic root), and the ductus or liga- 
mentum arteriosum (left 6th aortic arch and 


Many other combinations of vascular 
anomalies can cause a partial or severe 
esophageal stricture. For example, if the 
right subclavian artery is aberrant and re- 
mains attached to the aorta by the caudal 
part of the right dorsal aortic root, this will 
create a partial vascular ring over the esoph- 
agus and usually cause obstruction (Fig. 
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Figure 11.12. Radiographs of a dog with a vascular ring anomal 
J e y, taken A, before and B, after 
being fed a meal of radiopaque material. A shows a ventrally displaced trach f 

| . ea (a , 
megaesophagus is clearly demonstrated. CUT eR ae 
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LEFT RIGHT LEFT RIGHT 


External carotid 
artery 


Left subclavian 

Internal 
carotid 
artery 


í Right subclavian artery 


Esophagus 
Aorta 


Ductus 
arteriosus 


Ligament of left 
dorsal aortic root 


Right dorsal 
aortic root 


Right subclavian 
artery 


Figure 11.13. Schematic dorsal views of the transformation of the 4th and 6th aortic arches. A, a 
normal dog; B, an animal with persistent right 4th arch forming the aorta and left 6th arch as the 
ductus (ligamentum) arteriosus; and C, a case of anomalous branching of the right subclavian artery. 
B and C both cause constriction of the esophagus. 
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11.13C). In this malformation the right dor- 
sal aortic root atrophies cranial to the right 
caudal dorsal cervical intersegmental artery 
rather than caudal to it. 

Although the ring is incomplete, the re- 
troesophageal right subclavian artery is fixed 
cranially in its course around the first rib. 
The tension this produces in a cranioventral 
direction pulls the aorta towards the right 
and compresses the esophagus. Occasionally 
the left and right subclavian arteries arise 
from a common trunk in this anomaly. The 
mirror image of this partial vascular ring 
occurs if the right 4th aortic arch persists as 
the aortic arch and proximal descending 
aorta and the left subclavian artery is aber- 
rant and remains attached to the aorta 
instead of becoming a branch of the 
brachiocephalic trunk. 

Both of these conditions involving an 
aberrant subclavian artery are amenable to 
treatment by surgery. The aberrant subcla- 
vian artery can be ligated and removed from 
its attachment to the aorta. By collateral 
circulation involving the vertebral and cos- 
tocervical arteries the affected thoracic limb 
will usually receive sufficient blood supply 
to remain functional. Blood can flow from 
the normal side to the deprived side and 
course backwards to fill the subclavian ar- 
tery. The internal thoracic artery can be 
filled in a similar manner from the multiple 
anastomoses with the dorsal intercostal ar- 
teries arising from the thoracic aorta. 

In rare cases a double aortic arch will 
persist from the failure of the dorsal aortic 
root to atrophy on the right side. The ring 
produced involves both 4th aortic arches 
and both dorsal aortic roots to the level of 
the single aorta. 
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Cardiovascular System II: 


Heart 


Cardiogenic Plate and Heart Tube Formation 
External Morphogenesis 
Internal Morphogenesis 

Sinus venosus, atrium and A-V canal; 

endocardial cushions 
Interatrial septa 
Partitioning of truncus arteriosus and bulbus 
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Right A-V valve defects 

Transposition of great vessels 

Persistent truncus arteriosus 
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The heart is the first embryonic organ to 
undergo functional differentiation. Shortly 
after the formation of a closed cephalic 
neural tube, and during the period of for- 
mation of somites 10 through 20, the ven- 
tromedian tubular heart is formed and be- 
gins to contract rhythmically. This organ 
serves as a peristaltic pump, moving blood 
from extraembryonic vessels into and 
through the primitive embryonic circulatory 
system. 

The formation of the cardiogenic plate, 
which is the mesodermal primordium of the 


heart, is the first stage of heart development. 
Subsequently, the subcephalic pocket and 
lateral body folds develop, bringing the left 
and right cardiogenic primordia together 
ventrally to form a single median heart tube. 
The third stage of cardiogenesis is the for- 
mation of the cardiac loop, during which the 
atrium becomes located cranial to the ven- 
tricle. Finally the septa are formed, separat- 
ing the right, pulmonary outflow, from the 
left, systemic outflow, and valves develop to 
prevent the backflow of blood. It is a re- 
markable feat of embryonic engineering that 
these processes occur without any interrup- 
tion in the movement of blood. 

" During the critical period of cardiogenesis, 
when the fusion, folding and septation of 
cardiac tissues occur, the embryo grows from 
approximately 4 mm to 10-12 mm in length 
(summarized in Table 12-1). Although the 
heart enlarges 4- to 5-fold during this brief 
period, its actual size is extremely small, 
growing from approximately | to 5 mm as 
measured from ventricular apex to the ven- 
tral aorta. Thus, the changes in shape and 
formation of septa between chambers in- 
volve growth and morphogenetic move- 
ments over much slighter distances than 
might be apparent from the sketches in this 
chapter. 


CARDIOGENIC PLATE AND HEART 
TUBE FORMATION 


The first indication of cardiac develop- 
ment occurs in the splanchnic mesoderm 
cranial and lateral to the site of head folding. 
A series of vesicles form and then coalesce 
to create a cavity within the mesoderm. This 
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Table 12.1. 
Critical periods in mammalian cardiogenesis* 


Fusion 


Onset of contractions 


1st and 2nd aortic arches): ::::::2r:ititiiiii: 


present Servia UR Lesseee 


Formation of septum pri- 
mum 


Presence of foramen pri- 
mum 


Appearance of foramen se- 
cundum 


A-V endocardial cushions 
form and fuse 


Bulbar endocardial cush- 
ions fuse 


Truncal endocardial cush- 
ions fuse 


Number of Somites: 1 10 20 30 
Length (mm): 


3mm 4 mm 5mm 6mm 7mm 9mm 12mm 16 mm 


* Although the embryos of domesticated mammals are very similar at these stages of development, 
cardiogenesis in the dog and in humans is slightly precocious and equine cardiogenesis is slightly 


delayed relative to the others. 


cavity is elongated transversely and located 
in front of the site of head folding; it is the 
precursor of the pleuropericardial cavity. On 
both sides the cavity extends caudally and 
becomes continuous with the embryonic 
coelom. 

The cardiogenic plate is formed by 
splanchnic mesoderm ventral to the pre- 
sumptive pleuropericardial cavity, as shown 
in Figure 12.14. Several vesicles develop 
from loose aggregates of cardiogenic plate 
mesoderm and then coalesce to form the 
precursor of the endocardial tube. The mes- 
oderm located cranial to the cardiogenic 
plate proliferates and thickens. This marks 
the initial formation of the septum transver- 
sum, which subsequently will form the cen- 
tral part of the diaphragm (see Chapter 15). 

The above events occur simultaneously 
with the process of head folding. During this 
folding all of the tissues located immediately 
in front of the neural plate are inverted 180* 
and brought beneath the cranial parts of the 
head, as shown in figure 12.17 (see also Fig. 
2.20). Thus, the primordium of the septum 


transversum becomes situated caudal to the 
cardiac tube, and the pericardial cavity is 
located ventrally. 

Concomitantly, lateral body folding and 
closure of the pharynx begin, bringing right 
and left cardiac primordia together (Fig. 
12.2). This proceeds craniocaudally, form- 
ing the primordium of the truncus arteriosus 
first, then the bulboventricle, atrium and, 
lastly, the sinus venosus. The primordia of 
the sinus venosus initially appear as a vas- 
cular plexus within the septum transversum 
together with the presumptive hepatic pa- 
renchyma. Later, these three tissues sepa- 
rate. 

The endocardial tube is surrounded by a 
thick layer of mesoderm called the myocar- 
dium, which later forms cardiac muscle. 
Outside of this is a thin epicardial layer. 
Between the myocardial and endocardial 
layers is a viscous fluid called cardiac jelly 
(Fig. 12.3). Rich in collagen and glycopro- 
teins, this fluid matrix serves two essential 
functions. First, it permits slight contrac- 
tions of the myocardium to affect closure of 


Somati 


Splanchni 


Brain 


Figure 12.1. Sche 
the pig embryo. A, 
stage, by which tin 
stage, after heart lo 


2mm 16mm 


?s Of development, 
genesis is slightly 


ted caudal to the 
cardial cavity is 


ody folding and 
n, bringing right 
a together (Fig. 
»caudally, form- 
"uncus arteriosus 
cle, atrium and, 
he primordia of 
appear as a vas- 
um transversum 
tive hepatic pa- 
ee tissues sepa- 


surrounded by a 
lled the myocar- 
cardiac muscle. 
epicardial layer. 
ind endocardial 
led cardiac jelly 
n and glycopro- 
res two essential 
. Slight contrac- 
affect closure of 


CARDIOVASCULAR SYSTEM II: HEART 233 


Neural 


: Primitive node 
Somatic mesoderm plate 


Primitive streak 
Splanchnic mesoderm Coelom 


Endoderm 


Cardiogenic 
plate Notochord 
Neural plate . est 
Subcephalic Chorioamniotic fold 
pocket 


Somatopleure 


—- 
Cranial Caudal Splanchnopleure 
B intestinal intestinal 
portal portal 
Chorioamniotic folds Chorion 


Amnion 


Brain 


Hindgut l 


E 


C 


~ . NM 
Bay, Allantois 
N > = 


cn ces : 
Se En. 7 Septum ~ SES 


z Yolk sac 
C On transversum = 
plate Heart 


Figure 12.1. Schematic median sections illustrating three stages in the development of the heart in 
the pig embryo. A, early neurula stage, showing formation of the cardiogenic plate. B, head fold 
Stage, by which time the cardiac primordium has been brought ventral to the head. C, 15-somite 
stage, after heart looping has begun. (Redrawn after Patten, 1948.) 
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Figure 12.2. Schematic transverse sections through the cardiac region of pig embryos at A, 5- 


somite; B, 7-somite; C, 10-somite; and D, 13-somite stages of development. (Redrawn after Patten 
and Carlson, 1974.) 
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Figure 12.3. Transverse section through the hindbrain of a 14-somite cat embryo, near the cranial 
end of the cardiac tube. The endocardial tubes have not yet fused in the midline ventral to the 


pharynx. 


the endocardial lumen, thus enabling the 
simple tubular heart to act as a peristaltic 
pump. Second, cardiac jelly serves as a ma- 
trix through which mesenchymal cells de- 
rived from the endocardium can migrate. 
These cells form connective tissues in the 
septa and valves of the heart. 

The mesodermal sheets that suspend the 


- cardiac tube dorsally are thin, and degener- 


ate along most of the heart tube. As a result 
the heart is free to bend and loop because it 
is suspended only at its cranial (truncus ar- 
teriosus) and future caudal (sinus venosus) 
ends. 

By the time the embryo is 4-5 mm in 
length (Fig. 12.44) the heart primordium is 
located ventral to the hindbrain and phar- 
ynx. Subsequently, differential growth of 
dorsal head and body structures plus cranial 
and cervical flexures result in the heart be- 
coming located progressively farther cau- 
dally. 

Cardiac contractions and circulation be- 
gin at 35-38 hr of incubation in the chick, 
at 18-19 days of gestation in the dog, and 
late in the 4th week of human development. 
The beat is initially slow, but increases as 
the atrium and then sinus venosus form. 
This is because the pacemaker cells that 


develop in each newly formed part of the 
heart have an inherently faster contraction 
rhythm, and the most rapidly beating pop- 
ulation drives the rest of the cardiac muscle 
cells. Partitioning occurs at 5-8 days in the 
chick, during the 4th week in the dog, and 


between 5 and 7 weeks of gestation in hu- 


mans. 


EXTERNAL MORPHOGENESIS 


Shortly after its formation, the middle 
region of the tubular heart, the bulboventri- 
cle, elongates and forms a C-shaped loop. 
This initially expands to the right side of the 
embryo. Continued rapid growth brings it 
ventral to the rest of the tube (Fig. 12.4). 

A deep fold, the bulboventricular sulcus 
(flange), appears cranioventrally in the bul- 
boventricular loop. This demarcates the sub- 
sequent zone of separation of this large 
chamber into bulbus cordis on the right and 
the left ventricle. As the bulboventricular 
loop grows, the atrium expands towards the 
left; the sinus venosus and truncus arteriosus 
are held close to the midline by the dorsal 
mesocardium. As illustrated in Figures 12.4 
and 12.5, at this stage blood flows from the 
vitelline and common cardinal veins into 
the sinus venosus, then passes cranioven- 
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Figure 12.4. A, ventral view of a 19-somite canine embryo in which the ventral pericardial and body 

wall tissues have been removed to reveal the heart loop. B, transverse section through the heart loop 

of a 22-somite feline embryo at the level of the 4th somite, indicated by the bar/arrow in A. Blood 

flows from the sinus venosus (s.v.) to the atrium (at.), ventricle (ven.), bulbus cordis (b.c.), and leaves 
t : : 
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Figure 12.5. Dorsal (left row) and ventral (right row) views of the external morphogenesis of the 
heart at the neurula, 15-somite and 4-mm stages. 1, 2, 3, 4 indicate aortic arches. (Redrawn with 
modifications after Patten and Carlson, 1974.) 
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trally and slightly to the left to enter the 
atrium. The blood is redirected caudoven- 
trally, then from the left to the right side as 
it passes through the loop of the bulboven- 
tricle. It leaves this large chamber flowing 
craniodorsally. Finally blood returns to the 
midline of the embryo via the truncus ar- 
teriosus and exits the heart. 

These initial patterns of cardiac folding 
and constriction are the result of intrinsic 
asymmetries in proliferative activity of myo- 
cardial cells. This has been shown by excis- 
ing pieces of the embryonic cardiac tube and 
maintaining them in organ cultures. The 
constrictions and bendings occur normally, 
even in these isolated fragments. 


INTERNAL MORPHOGENESIS 


Internal partitioning of the heart and the 
cardiac outflow must occur in the atrium, 
the atrioventricular canal, the bulboventri- 
cular loop and the truncus arteriosus. Divi- 
sion of the aortic sac into pulmonary and 
systemic compartments by the formation of 
the aorticopulmonary septum occurs con- 
comitantly with these events. All of these 
partitionings are influenced by the direction 
of blood flow, which must continue without 
interruption throughout the formation of 
these septal partitions. Also, these events are 
interdependent, and failure of any one sep- 
tum to develop properly may secondarily 
alter the others. 


Sinus Venosus, Atrium, Atrioventricular 
Canal; Endocardial Cushions 


During the later stages of bulboventricular 
loop expansion, the flow of venous blood 
entering the heart, both from the liver and 
the head, becomes asymmetrical, with the 
right side predominating and the flow into 
the left part of the sinus venosus diminish- 
ing. This shift in venous inflow is coinciden- 
tal with the beginning of internal partition- 
ing, and progresses until the systemic venous 
input is entirely to the right side. 

The right horn of the sinus venosus be- 
comes completely incorporated into the dor- 
sal wall of the expanding right atrium (Fig. 


12.6). In the mature animal this region, the 
sinus venarum, has a smooth internal ap- 
pearance. It is bounded approximately by 
the cranial and caudal caval veins, by the 
orifice of the coronary sinus and, laterally, 
by the crista terminalis and sulcus termi- 
nalis. The left horn of the sinus venosus does 
not become fully incorporated into the wall 
of the heart, and forms the coronary sinus. 

Pulmonary veins initially form as a single 
evagination from the wall of the left atrium. 
The evagination becomes subdivided into 
several branches which enter the pulmonary 
mesenchyme. Later, when the left atrium 
expands, this original venous diverticulum 
and the proximal part of several of the 
branches become incorporated into the 
atrial wall. The smooth, dorsal wall of the 
mature left atrium, into which the pulmo- 
nary veins enter, is thought to be derived 
from this early evagination. 

As the cardiac loop forms, the constriction 
between bulboventricle and atrium becomes 
more pronounced, delineating the atrioven- 
tricular (A-V) canal. Externally this marks 
the future waist of the heart. The mesoderm 
in this constricted region proliferates, result- 
ing in the growth of a circumferential ridge 
protruding into and partially constricting the 
A-V canal. This mesenchymal proliferation 
is not uniform around the orifice, but is 
greatest in the two regions located in the 
median plane. 

These protrusions into the lumen of the 
orifice are called the A-V endocardial cush- 
ions, and are illustrated in Figure 12.7. The 
two cushions meet and fuse together, form- 
ing a single A-V endocardial cushion (Fig. 
12.7 D and F). This closure creates two 
separate channels, the left and right atrio- 
ventricular orifices. 

Once the A-V endocardial cushions fuse, 
this bridge across the A-V canal is perma- 
nent and inelastic. Thus, throughout the 
period when the fetal heart grows rapidly, 
these initial sites of cushion fusion bind op- 
posite walls together. The same is true for 
cushions in the truncus and bulbus, which 
will be described under Partitioning of Trun- 
cus Arteriosis and Bulbus Cordis. Later in 
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Figure 12.6. Schematic dorsal views of the heart illustrating the incorporation of the right part of 


the sinus venosus into the wall of the atrium. 
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Figure 12.7. Sequential compartmentalization of the heart. A-C, heart cut in a transverse plane and the septum primi 
viewed from a cranial perspective. D-F, heart cut in a paramedian plane and viewed from the right p pran 
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development, concomitant with the forma- 
tion of papillary muscles and chordae ten- 
dineae, growth of cardiac mesenchyme sur- 
rounding the A-V orifices combined with 
differential expansion of the ventricles re- 
sults in the formation of the left and right 
A-V valves. 


Interatrial Septa 


Simultaneous with the growth of the A-V 
endocardial cushions, the left and right sides 
of the atrium become separated by the sep- 
tum primum. This is a mesenchymal sheet 
(labeled Septum 1 in Figure 12.7 A and D) 
that appears initially on the dorsal wall of 
the atrium in the median plane. It is rela- 
tively thin and expands ventrally across the 
lumen of the atrium towards the growing 
A-V endocardial cushions. The inner rim of 
the septum primum is in the shape of a 
horseshoe, with the two limbs directed to- 
ward the enlarging A-V cushions. 

The opening between the ventral limbs of 
the septum primum lies dorsal to the cush- 
ions. This opening, called the foramen pri- 
mum, allows blood to flow from the right 
side of the atrium to the left. As the A-V 
endocardial cushions meet and fuse, the sep- 
tum completes its expansion by fusing in the 
median plane along the entire dorsal surface 
of the endocardial cushions, thus obliterat- 
ing the foramen primum. 

In order to maintain the flow of blood 
from right into left atrial chambers a second 
opening, the foramen secundum (labeled 
Foramen 2 in figure 12.7 B and £), develops 
dorsocranially in the septum primum. This 
occurs prior to the closure of the foramen 
primum by the coalescence of many small 
perforations into a single window. 

Later, a second membranous sheet, the 
septum secundum, develops to the right of 
the septum primum. It is thicker, and grows 
caudally from the cranial margin of the 
atrium (Figure 12.7 D and F). One limb of 
the septum secundum extends caudally 
along the dorsal wall of the atrium in the 
median plane adjacent to the septum pri- 
mum. The other limb extends caudally 
along the fused A-V endocardial cushions 


(i.e. along the ventromedial surface of the 
atrium), also adjacent to the right side of the 
septum primum. The two limbs are directed 
toward the caudal vena cava, which has 
become incorporated into the wall of the 
right atrium along with the sinus venosus. 

The septum secundum does not grow 
completely across the atrium. Its caudal, 
concave edge remains free and is directed 
toward the opening of the caudal vena cava. 
The window that remains as a result of 
incomplete formation of the septum secun- 
dum is the foramen ovale. 

The septum secundum is adjacent to the 
septum primum, but the two remain sepa- 
rate throughout fetal development. This per- 
mits blood to pass from the right atrium 
through the foramen ovale, then between 
the two interatrial septa and into the left 
atrium via the foramen secundum. Because 
the foramen ovale is directed toward the 
caudal vena cava, it receives much of the 
blood entering the heart from that vein, 
including oxygenated blood from the pla- 
centa. The pressure created by this inflow 
keeps these septa separated by pushing the 
thinner septum primum towards the left. 


From the left atrium this oxygenated blood 


enters the left ventricle then exits the heart 
via the ascending aorta, from which the bra- 
chiocephalic trunk and left subclavian artery 
branch. The rest of the blood entering the 
right atrium passes to the right ventricle and 
then to the pulmonary trunk, where most of 
it is shunted via the ductus arteriosus into 
the aorta. 

At birth the septa primum and secundum 
become tightly apposed, largely as a result 
of diminution in the pressure within the 
right atrium and elevation of pressure in the 
left atrium due to pulmonary venous inflow. 
These combined septa are now called the 
interatrial septum. It is important to visual- 
ize that the foramen secundum and the for- 
amen ovale are not overlapping; the former 
is situated craniodorsally in the septum pri- 
mum while the latter is located caudally in 
the septum secundum. Thus, when the two 
septa become apposed there is no longer a 
passageway between the right and left atrial 
chambers. 
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Apposition of these septa occurs within 
minutes of birth. Although complete fusion 
may take several weeks or occasionally never 
occurs, the higher pressure of the pulmonic 
input keeps the passageway functionally 
closed. 

Occasionally during postmortem exami- 
nation, the septa primum and secundum are 
found to be not fully fused together, so that 
a blunt probe can be passed from the fossa 
ovalis, which demarcates the former site of 
the foramen ovale, craniodorsally into the 
left atrium. This situation is especially fre- 
quent in cattle. However, so long as systemic 
and pulmonic venous inputs to the heart 
were normal, the differential pressures in the 
right and left atria would have prevented 
these septa from separating. 


Partitioning of Truncus Arteriosus and 
Bulbus Cordis 


While the A-V endocardial cushions and 
septum primum are segregating blood enter- 
ing the common ventricle into left and right 
channels, the cardiac outflow via truncus 
and bulbar regions of the heart are also being 
separated into two channels. This is accom- 
plished by the formation of paired endocar- 
dial cushions (ridges) within the truncus ar- 
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teriosus and bulbar (conal) part of the bul- 
boventricle. 

The truncal cushions are the first to form 
(Fig. 12.8). These endocardial cushions ex- 
pand into the lumen of the truncus from the 
left and right sides, beginning at the 3- to 4- 
mm stage while the bulboventricular loop is 
forming. Within 2-3 days in the dog, 5-6 
days in most other domestic animals, these 
opposing cushions fuse to form the truncal 
septum (Fig. 12.9). There is a slight spiral to 
this septum, so that the plane at which it 
bisects the truncus rotates clockwise at pro- 
gressively more distal (cranial) levels, when 
viewed from a caudal perspective. This is 
shown schematically in Figure 12.10. Simi- 
lar ridges form in the bulbar region of the 
bulboventricle. However, these bulbar cush- 
ions arise from the right dorsal and left ven- 
tral margins of the heart wall. 

The endocardial cushions in the bulbus 
and truncus grow together and join with the 
aorticopulmonary septum. This results in a 
separation of the cardiac outflow into two 
channels. Because each pair of cushions and 
aortico-pulmonary ridges originally devel- 
oped in a slightly different plane, the com- 
mon septum formed is not flat. Rather, it 
forms a broad, clockwise spiral ascending 
from the middle of the bulbus to the roots 


viet RT 
Figure 12.8. Median section showing the early formation of endocardial cushions within the truncus 
arteriosus of a 4-mm guinea pig. 
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Figure 12.9. Development of the spiral septum. A, ventral view of the canine heart at 22-23 days 
of gestation (5- to 6-mm crown-rump length). Columns B and C illustrate the formation and fusion (3- 
4 days later) of aorti Imonary, truncal and bulbar cushions. 
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Figure 12.10. A, schematic representation of the spiral Septum. B, ventral view of the pulmonary 
trunk and ascending aorta. 


244 EMBRYOLOGY OF 


of the pulmonary (6th aortic arch) and sys- 
temic (3rd and 4th arches) arteries. This 
partition is the spiral septum. 

Later in development the two lumina and 
walls of the bulbus and truncus expand 
greatly, obscuring the original site of spiral 
septum formation. Cranially, the two chan- 
nels become completely separated, forming 
the pulmonary trunk and ascending aorta 
(Fig. 12.10B). The site of branching of the 
pulmonary arteries from the pulmonary 
trunk demarcates the original level of the 
aorticopulmonary septum. The bulbus cor- 
dis and bulbar septum become fully incor- 
porated into the heart. 
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Growth of the ventricle, which is located 
on the left ventral side of the heart following 
looping of the bulboventricle, results in a 
shift in the position of the single A-V canal 
from the left side to the center (median 
plane) of the heart (Fig. 12.11 A and B). 
Once the A-V and truncobulbar cushions 
form and fuse, all that remains is to connect 
the right A-V canal with the right ventricle 
and pulmonary trunk, and join the left A-V 
orifice via the left ventricle to the opening 
of the aortic root. 

The formation and growth of the interven- 
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Figure 12.11. Initial stages in the separation of aortic and pulmonary cardiac outflow channels, 
shown in ventral views of the canine heart. Both left and right ventricles (i.e. the entire bulboventricle) 
have been removed in A (4 mm) and B (7 mm). C is the same stage as B but with the left ventricle 
and I-V septum included, and D is an older (10 mm) stage. (Redrawn after Langman, 1981, and von 
Moriep, Patterson and Schnarr, 1978.) 
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tricular (I-V) septum actually occur more as 
a result of caudal expansion and, especially, 
hypertrophy of the wall of the bulboventricle 
than from elongation of a median septum. 
The diameter of the midventral part of the 
bulboventricular loop remains relatively un- 
changed, while the ventricle, on the left, and 
bulbus, on the right, grow rapidly in a cau- 
doventral direction. 

Enlargement of these chambers occurs by 
a process called trabeculation. While mes- 
enchymal and myocardial cells on the outer 
part of the cardiac wall are dividing and 
forming new tissues, those located beneath 
the endocardium degenerate. Local differ- 
ences in the extent of cell death are the basis 
for the formation of the uneven luminal 
surface of the ventricles, and also for the 
retention of muscular and tendinous cords 
that cross the ventricular chambers, includ- 
ing the papillary muscles. 

Since blood flowing through the bulbo- 
ventricular loop is passing from the left to 
the right side, the median I-V septum ap- 
pears to be perpendicular to the direction of 
fluid movement. In actuality, expansions of 
the ventricle and the bulbus, which forms 


most of the definitive right ventricle, coin- - 


cide with the separation of the A-V canal 
and truncus into paired channels. This en- 
ables the embryonic heart to remain func- 
tional while separating blood flow into two 
systems. The original passageway between 
(left) ventricle and bulbus is now called the 
interventricular foramen. 

The final separation of left ventricular 
from right ventricular (bulbar) channels is 
summarized schematically in Figure 12.12. 
First, the craniodorsal part of the I-V septum 
expands onto the A-V cushion. Simultane- 
ously, the left ventral bulbar cushion elon- 
gates and fuses with this part of the I-V 
septum, and the right dorsal bulbar ridge 
expands onto the A-V cushion. The proxi- 
mal ends of the bulbar cushions then fuse 
together, effectively separating pulmonary 
from systemic outflows. 

Final closure of the I-V foramen is 
brought about by growth ofthe A-V cushion, 
which plugs the opening between left and 


right ventricles. This occurs at approxi- 
mately 27 days of gestation in the pig (20- 
mm stage) 32 days in the dog (19-mm 
stage), 35 days in the horse (16-mm stage), 
and 45 days in humans (18-mm stage). 

The A-V valves form by reshaping and 
selective tissue loss within the ventricular 
walls. As the chambers become dilated and 
the ventricular walls undergo hypertrophy 
and also trabeculation due to local cell 
death, strands of cardiac wall mesenchyme 
running from A-V endocardial cushions to 
the ventricular wall remain in their original 
locations. These form the cusps of the A-V 
valves and the chordae tendinae. 

Following the formation and fusion of 
truncal ridges, three swellings appear within 
the walls of both the pulmonary and aortic 
trunks. The swellings expand into the lumen 
of each vessel. Originally quite broad, the 
bases of each of these primordia of semilunar 
cusps become thinned as a result of cell 
degeneration. 


CONGENITAL HEART 
MALFORMATIONS 


- Congenital heart malformations, includ- 
ing patent ductus arteriosus and persistent 
right aortic arch, account for approximately 
10% of the cardiovascular-related clinical 
presentations in domestic animals. A sum- 
mary of the data on the incidence of specific 
cardiac anomalies in domestic animals is 
presented in Table 12.2. These data must be 
interpreted with caution, since the methods 
of collection and sample sizes vary consid- 
erably. Cardiac malformations are encoun- 
tered less frequently in horses and cats than 
in cattle and dogs. For horses this is due to 
a higher incidence of early mortality in af- 
fected animals than occurs in other animals 
having comparable malformations. In cats 
both the relative lack of inbreeding and the 
lower frequency of presentation of kittens 
for postmortem examination are factors. 
Patterson has assessed the frequency of 
congenital heart anomalies in various breeds 
of dogs presented at the University of Penn- 
sylvania School of Veterinary Medicine. | 
Based on screening of over 35,000 dogs, he 
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Figure 12.12. Schematic closure of the l-V foramen, shown in this enlarged aspect of Figure 12.11D. * VSD, interventric 


The heart is viewed from a ventral perspective with the ventral wall of the bulbus cordis removed to defects. 
expose the interior of the right ventricle, the bulbar and A-V endocardial cushions, and the A-V Table 12.3. 
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CARDIOVASCULAR 


found that 6.8/1000 dogs showed some form 
of congenital heart malformation. The inci- 
dence was appreciably higher in purebred 
strains (8.9/1000) than in mixed breeds (2.6/ 
1000). 

Some of the purebred strains showing a 
high incidence of one type of malformation 
were selected for breeding studies to learn 
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whether there was a heritable pattern. Table 
12.3 summarizes the results of Patterson’s 
breeding experiments. In this study, both 
parents were of the same breed and both 
were diagnosed as having the same heart 
anomaly. Clearly, except for the persistent 
right aortic arch, these cardiac malforma- 
tions show a definite pattern of heritability. 


Table 12.2. 
Incidence of cardiac malformations in domestic animals? 
Species Frequency Specific Malformations” Reference 
(%) 

Horse 0.2 VSD (50%), aortic stenosis, pulmonary Mahaffey, 1958 
stenosis, persistent truncus arteriosus, Rooney and Franks, 1964 
A-V valve defects, interatrial septal de- 
fects, PDA, cor triloculare biatrium. 

Cattle 0.17 VSD, aortic stenosis, tetralogy of Fallot, Van Nie, 1964 and 1966 
Eisenmenger complex, transposition of Fisher and Pirie, 1965 
the aorta, PDA, ASD, duplicated cra- 
nial vena cava, coarctation of the 
aorta, ectopia cordis. 

Pig 0.16 VSD, aortic stenosis, tetralogy of Fallot, Detweiler, 1960 

to endocardial fibroelastosis, Eisenmen- Van Nie, 1963 
4.1 ger complex, ASD, A-V valve defects, 
PDA. 

Sheep 1.15 VSD (80%). Dennis & Leipold, 1968 

Dog 0.68 PDA, pulmonary stenosis, aortic steno- Das, et al., 1965 
sis, persistent right aortic arch, VSD, Patterson, 1968 
tetralogy of Fallot, ASD, persistent left 
cranial vena cava, A-V valve defects. 

Cat 1.85 Aortic stenosis, pulmonary stenosis, Das, et al., 1965 
VSD, tetralogy of Fallot, persistent Tashjian, et al., 1965 
truncus arteriosus, persistent right 
aortic arch, PDA, endocardial fibroelas- 

tosis. 
Chicken 0.57 VSD, ASD, dextroposition of the aorta. Siller and Hemsley, 1966 


? Adapted from Whitney, 1975; and Okamoto, 1980. 
? Listed in decreasing order of frequency. 
° VSD, interventricular septal defect; PDA, patent ductus arteriosus; and ASD, interatrial septal 


defects. 


Table 12.3. 


Inheritance of congenital heart disease? 


Number (%) with 


Number of E 
Breed Parental defect progeny joa ey 
96 
Poodle (10)? Patent ductus arterio- 35 29 (83) 
sus 
Beagle (10) Pulmonic stenosis 35 8 (26) 
Newfoundland (5) Subaortic stenosis 26 8 (31) 
German Shepherd (3) Right aortic arch 30 2 (6.7) 
Keeshond (4) Tetralogy of Fallot 11 10 (90) 


* From Patterson DF and Pyle RL: Genetic aspects of congenital heart disease in the dog. 21st 
Gaines Veterinary Symposium, 1971, St. Louis, Mo. 
? () number of matings. 
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Cardiac malformations are usually classi- 
fied as acyanotic or cyanotic. Acyanotic mal- 
formations permit the body to receive a 
sufficient amount of oxygenated blood to 
maintain life-sustaining levels of activity. In 
cyanotic malformations the body does not 
receive sufficient oxygenated hemoglobin in 
the peripheral capillary beds. This produces 
a blue color (kyano = blue) to most tissues, 
most easily seen upon examining the oral 
mucosa and gums. The above is at best an 
operational classification, and the same mal- 
formation might present differing degrees of 
oxygen insufficiency depending on the ex- 
tent of secondary responses to the primary 
lesion. 

Understanding and recognizing these sec- 
ondary changes is a necessary aspect of di- 
agnosing the condition. The two most prev- 
alent changes that occur secondarily in the 
heart are dilation of a chamber and hyper- 
trophy of the wall of a chamber. Dilation 
occurs if the volume of fluid in a chamber 
is chronically elevated, either as a result of 
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Figure 12.13. Schematic section through a normal heart cut obliquely in a plane passing from base 
to apex, viewed from a ventral perspective. Compare with Figures 12.14A-D and 12.15. 


restricted output or increased blood inflow. 
Hypertrophy of the muscular wall occurs if 
the contraction force needed to empty a 
chamber is chronically higher than normal. 


ACYANOTIC HEART MALFORMATIONS 


Acyanotic malformations are the most 
commonly encountered congenital heart 
anomalies. The frequencies obtained in the 
Patterson study are listed in Table 12.4. 


Pulmonary Stenosis 


Uncomplicated (i.e. without other heart 
anomalies) pulmonary stenosis is the most 
common cardiac defect in dogs, and is sec- 
ond only to persistent ductus arteriosus 
among congenital cardiovascular malfor- 
mations. It is a narrowing of the pulmonary 
outflow tract (Fig. 12.144) that can occur at 
one or more of several possible sites. Infun- 
dibular pulmonary stenosis is a narrowing of 
the pulmonary side of the partitioned bulbus 
cordis and truncus arteriosus. This condition 
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Table 12.4. 
Occurrence of specific cardiovascular 
malformations in dogs* ” 


Malformation Percentage 
Patent ductus arteriosus 28 
Pulmonic stenosis 20 
Aortic stenosis 14 
Persistent right aortic arch 8 
Interventricular septal defect 7 
Tetralogy of Fallot 4 (cyanotic) 


Interatrial septal defects 4 
Persistent left cranial vena 4 

cava 
Left A-V (mitral) valve defect 3 
All other defects and anoma- 6 

lies 
“From Patterson DF: Epidemiologic and genetic 
studies of congenital heart disease in the dog. 
Circ. Res 23:171—202, 1968. 
? Based on 290 dogs having cardiovascular de- 
fects. 


results from hypertrophy of the muscle in 
the wall of the right ventricle beneath the 
pulmonary valve. Valvular pulmonary ste- 
nosis is due to abnormal development of the 
cusps, with a resulting impediment to out- 
flow from the right ventricle. Subvalvular 
pulmonary stenosis results from excessive 
fibrous tissue proliferation beneath the 
valve. Valvular stenosis is the most common 
form in dogs. 

In animals with pulmonary stenosis the 
normally linear stream of blood flowing 
through the pulmonary valve during ventric- 
ular contraction is interrupted and blood is 
forced through a smaller orifice. This mark- 
edly increases the velocity of blood flow 
downstream from the site of narrowing. 
Poststenotic turbulence is produced, and 
causes a loud systolic murmur, which refers 
to an abnormal sound associated with ven- 
tricular contraction. In some cases the tur- 
bulence can be felt through the thoracic wall; 
this palpable tremor is called a cardiac thrill. 
After passing through the stenotic region, 
the high velocity stream of blood swirls in 
the pulmonary trunk. This puts increased 
pressure on the wall of the pulmonary trunk, 
causing it to dilate. Such chracteristic post- 
stenotic dilation may be visible on radio- 
graphs. In addition, the increased resistence 
to pulmonary outflow caused by the stenosis 


results in dilation of the right ventricle and 
hypertrophy of its wall. 

Clinical signs may not occur in the puppy; 
however, onset of right heart failure usually 
occurs between 6 months and 3 yr of age. 
Typical signs of right heart failure include 
weakness, fatigue, dyspnea (difficult breath- 
ing) and venous congestion. The latter is 
characterized by systemic edema and ascites, 
which is an accumulation of fluid in the 
peritoneal cavity. 

Pulmonary stenosis has been reported 
most frequently in the Beagle, in which 
strain it shows an inherited pattern of ap- 
pearance. It is also found in above average 
frequency in the English Bulldog, Fox Ter- 
rier, Chihuahua, Samoyed, Old English 
Sheepdog and Miniature Schnauzer. It is 
much less common in the large domestic 
animals. 


Aortic Stenosis 
This narrowing of the systemic outflow 
(Fig. 12.14B) is usually caused by a prolif- 
erative thickening that forms a fibromuscu- 
lar ring encircling the aortic outlet immedi- 
ately below (proximal to) the aortic valve. 


"Constriction in this location is called sub- 


aortic or subvalvular aortic stenosis. Less 
frequently, abnormal growth of the valves 
may result in valvular aortic stenosis. 

Similar to pulmonic stenosis, a loud sys- 
tolic murmur is produced on ventricular 
contraction. A poststenotic dilation even- 
tually occurs in the ascending aorta distal to 
the valve. As a result of increased resistance 
to outflow, the left ventricle dilates and hy- 
pertrophies. Secondarily, the left atrium of- 
ten becomes dilated. Clinical signs vary from 
none observed to characteristic left heart 
failure, which includes pulmonary conges- 
tion and edema, panting, coughing and 
dyspnea. Insufficient aortic flow may pro- 
duce syncope (fainting; loss of consciousness 
resulting from cerebral hypoxia) or, occa- 
sionally, convulsions. Sometimes dogs with 
this malformation appear normal and 
healthy, then die unexpectedly and sud- 
denly. Surgery on this lesion has not been 
successful in dogs; most patients are man- 
aged medically. 
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Figure 12.14. Schematic representation of acyanotic cardiac malformations. A, Pulmonary stenosis, 
with the constrictions located at both valvular (7) and infundibular (2) levels. The characteristic 
poststenotic dilation of the pulmonary trunk (3) and right ventricular dilation and hypertrophy (4) are 
also indicated. B, aortic stenosis due to the formation of a fibrous subaortic ring (1). Poststenotic 
dilation of the ascending aorta (2), left ventricular dilation and hypertrophy (3) and left atrial dilation 
(4) often accompany this primary lesion. C, interventricular septal defect (7) with primary hypertrophy 
of the left ventricle (2) and secondary right ventricular dilation and hypertrophy (3). D, interatrial septal 
defects. As discussed in the text, there are many possible forms of this class of lesion. Shown here 
are an enlarged foramen secundum (7) and foramen ovale (2), with subsequent dilation and 
hypertrophy of the right ventricle (3), right atrium (4), and left atrium (5). Compare with Figure 12.13. 


Aortic stenosis occurs in all domestic an- Interventricular Septal Defect 


imals. In dogs, both Boxers and Newfound- 

lands may inherit the anomaly. It also occurs This malformation (Fig. 12.14C) is char- 
in unusually high frequency in German  acterized by the presence of a small opening 
Shepherd, German Short-haired Pointer, at the dorsal part of the I-V septum. The 
Springer Spaniel, Fox Terrier and English condition is caused by a deficient growth of 


Bulldog breeds. Note that some of these 
breeds also appear on the list of dogs suscep- 
tible to pulmonary stenosis. Among cats the 
Siamese have a higher incidence of aortic 
stenosis. 


one or more of the septa that normally close 
the interventricular foramen (I-V septum, 
left and right bulbar cushions, A-V endocar- 
dial cushions). At necropsy the defect is most 
commonly found under the septal cusp of 
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the right A-V valve and, when viewed from 
the left side, in the left ventricular outlet; in 
this location it 1s referred to as a subaortic 
I-V septal defect. 

When the defect is small the animal's 
physical condition may be normal. In fact, 
many bovine hearts are found to have small 
I-V septal] defects at postmortem. In some 
instances there is a distinct systolic murmur 
caused by the turbulent forcing of blood 
through the defect from the left ventricle 
into the pulmonary trunk, and to a lesser 
extent the right ventricle, during ventricular 
contraction. Clinically, this condition usu- 
ally presents features characteristic of left 
heart problems, often accompanied by pul- 
monary hypertension. Right ventricular di- 
lation and hypertrophy also occur in severe 
cases. Often this septal defect is accompa- 
nied by other cardiac malformations, some 
of which probably arise secondarily. These 
produce cyanotic signs and will be discussed 
in the next section. 

Interventricular septal defects are the most 
common cardiac malformation in the large 
domestic animals, and are especially fre- 
quent in cattle. Among dogs, it is most prev- 
alent in the Siberian Husky. In the horse 
this condition is usually fatal prior to wean- 
ing; the same is true in cats. 


Interatrial Septal Defects 


As described earlier, animals with a patent 
foramen ovale in which the septum primum 
and septum secundum have not fused to- 
gether but which are in all other respects 
normal, usually do not present any clinical 
abnormality. During atrial contraction the 
higher pressure on the left side forces the 
two septa together, thus preventing any left 
to right (or right to left) blood flow. 

True interatrial septal defects (Fig. 
12.14D) occur when the foramen ovale of 
the septum secundum overlies one (or more) 
openings in the septum primum. This can 
occur in any of several possible ways. If the 
foramen primum fails to close, the foramen 
ovale will overlap this opening. This condi- 
tion, called persistent foramen primum, is 
often accompanied by abnormalities of the 
atrioventricular orifices resulting from de- 


fective A-V endocardial cushion formation. 
More commonly the foramen secundum be- 
comes greatly enlarged, which permits direct 
communication between the right and left 
atria. The condition is called persistent for- 
amen secundum. It is common in these cases 
to find diminished growth of the septum 
secundum and subsequent enlargement of 
the foramen ovale. 

Functionally the blood is shunted from 
left to right because of the higher left atrial 
pressure. The right heart is thus overloaded 
and overworked from the additional volume 
of blood it receives, and consequently dila- 
tion and hypertrophy of both right chambers 
results. The left heart often shows hyper- 
trophic signs of overload in these animals. 
Thus, although right heart failure is the most 
acute result of an interatrial septal defect, all 
four chambers are effected. 

Atrial septal defects have been reported in 
all domestic animals, but are extremely rare 
in horses. Among dog breeds it is more 
common in the Boxers and Samoyeds. 


Left A-V Valve Defects 


- Anabnormality in the development of the 
A-V endocardial cushions may lead to for- 
mation of valve cusps that are too short and 
do not fully close the left A-V orifice upon 
left ventricular contraction. Regurgitation of 
blood occurs upon systole, recognizable as a 
systolic murmur. This condition, called left 
A-V valve insufficiency, usually leads to left 
heart failure. It has been reported in all the 
domestic animals. In dogs it is most fre- 
quently found in the Keeshond, English 
Bulldog, Great Dane and Chihuahua. 

Hypertophy of endocardial cushion tis- 
sues with subsequent closure of the left A-V 
orifice has also been reported. This leads to 
lack of left ventricular growth in utero, and 
is lethal at birth unless accompanied by 
other cardiac anomalies which permit some 
oxygenated blood to reach the systemic cir- 
culation. The term left A-V (mitral) atresia 
is used to describe this condition. 


Ectopia Cordis 


Ectopia of the heart is an anomaly of 
cardiac location rather than of internal or- 
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ganization. In this condition, which is most 
frequently reported in cattle, the heart is 
usually located in the neck region (ectopia 
cordis cervicalis). Normally the bovine fetal 
heart shifts into the thorax late in the 6th 
week of gestation, following which the tho- 
racic inlet becomes surrounded by develop- 
ing ribs. Delay in the onset of cardiac descent 
may result in it being trapped in a prethor- 
acic location. In these calves the develop- 
ment of the great vessels may be anomalous 
but still compatible with normal growth. 

Occasionally the paired sternal bars will 
not fuse to form a common sternum. In 
these cases the heart may be located ven- 
trally outside the thorax, a condition called 
ectopia cordis thoracis. 


Spiral Septal Defect 


Incomplete development of the spiral sep- 
tum can occur focally in the aortic sac (aor- 
ticopulmonary septum), truncus arteriosus 
or bulbus cordis, resulting in a small opening 
between the pulmonary trunk and the aorta. 
The clinical signs are similar to those of 
patent ductus arteriosis (PDA), with a left- 
to-right shunt of blood usually occurring. 
Complete failure of all these septal compo- 
nents to form results in the retention of a 
common truncus arteriosus; this cyanotic 
malformation will be discussed in the follow- 
ing section. 

An aorticopulmonary septal defect can be 
experimentally caused in birds by surgically 
extirpating the primordium of the neural 
crest at the level of the first two somites. 
Normally it is this population of crest cells 
that forms the connective tissues in the walls 
of the 4th and 6th aortic arches. 


Other Acyanotic Malformations 


Aberrant pulmonary veins is a rare mal- 
formation in which the pulmonary veins 
grow out of the right rather than the left 
atrium. Usually both the left atrium and left 
ventricle are hypoplastic, and the period of 
survival after birth is very short. In order to 
survive postnatally a shunt must persist be- 
tween the left and right sides in order that 


oxygenated blood can reach the systemic 
circulation. 

Cor triloculare biatriatum and cor trilo- 
culare biventriculare are three-chambered 
heart conditions characterized by a single 
ventricle or single atrium, respectively. 
These are rare but have been reported in 
cattle and, in the second situation, in pigs. 
In both these anomalies there is considerable 
mixing of oxygenated and nonoxygenated 
blood, and both can produce cyanosis if the 
animal is stressed. 

Dextrocardia is a “mirror image" heart 
that may occur as an isolated defect or with 
a complete situs inversus (all organ systems 
reversed). In this anomaly the left and right 
chambers are on opposite sides of the heart 
from normal, and the ductus arteriosus, aor- 
tic arch and pulmonary veins form on the 
right. This condition is compatible with nor- 
mal health. 


CYANOTIC HEART MALFORMATIONS 


Most cyanotic cardiac malformations in- 
clude the following two deviations from the 
normal intracardiac blood flow: (a) a 
venoarterial shunt, such that flow between 
right and left sides of the heart, can occur; 
and (5) an impediment to pulmonary trunk 
outflow. 


Tetralogy of Fallot 


This condition (Fig. 12.154) is the most 
frequently encountered cyanotic malforma- 
tion in domestic animals and humans. It is 
characterized by four lesions; three of these 
are primary, one is secondary. The primary 
defects consist of (a) an I-V septal defect, 
(b) pulmonary stenosis, and (c) dextroaorta, 
which means that the opening to the aortic 
outlet is shifted abnormally to the right. 
These all can be traced back to a single 
abnormality in the development of the prox- 
imal bulbar cushions. If these form so that 
the bulbar septum is displaced ventrally and 
to the right, the pulmonary outlet would be 
reduced in size. The aortic outlet would be 
larger than normal and partially override the 


plane in which the I-V septum was forming 
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C TRANSPOSITION OF GREAT VESSELS 


D PERSISTENT TRUNCUS ARTERIOSUS 


Figure 12.15. Schematic representation of cyanotic cardiac malformations. A, tetralogy of Fallot, 
which is characterized by dextroaorta (7), pulmonary stenosis (2), l-V septal defect (3) and dilation 
and hypertrophy of the right ventricle (4). B, Eisenmenger complex with dextroaorta (7), l-V septal 
defect (2) and right ventricular dilation with hypertrophy (3). C, transposition of the great vessels with 
the aorta (7) emanating from the right ventricle and the pulmonary trunk (2) from the left ventricle. In 
order for the animal to survive postnatally there must be one or more shunts allowing mixing of the 
left and right circulations. Possible shunts could occur as a result of an interatrial septal defect (a), a 
patent ductus arteriosus (b) and/or an I-V septal defect (c). D, persistent truncus arteriosus. In this 


situation both ventricles are of equal size. 


(dextroaorta). This deviation would also pre- 
vent the normal closure of the I-V foramen. 

Pulmonic stenosis causes resistance to 
flow from the right ventricle, which conse- 
quently dilates and hypertrophies. This is 
exaggerated by the left-to-right flow of left 
ventricular blood. The resulting right ven- 


tricular hypertrophy is the fourth lesion 
characteristic of this tetralogy. Because of 
the dextroaorta, some unoxygenated blood 
in the right ventricle enters the aorta. When 
right ventricular hypertrophy is sufficient for 
the pressure generated in the right ventricle 
to equal or exceed left ventricular pressure, 
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more of the unoxygenated blood will pass 
into the aorta, resulting in cyanosis. Many 
of these animals show such marked hypo- 
plasia of the pulmonary arteries that enlarge- 
ment of the bronchoesophageal artery is nec- 
essary to provide the lungs with blood. 

Signs of this malformation usually occur 
in the young animal. Limited exercise will 
often elicit marked cyanosis. Poor growth, 
fatigue, dyspnea on exercise, and occasion- 
ally episodic syncope may accompany the 
cyanosis. 

This malformation can be diagnosed us- 
ing angiography. Dye injected into the right 
ventricle simultaneously fills the aorta and 
the pulmonary trunk. Surgical correction in 
humans has been performed by creating an 
artificial ductus arteriosus. This is done by 
anastomosing the aorta or the left subclavian 
artery to the pulmonary trunk. 

Tetralogy of Fallot is found in most do- 
mestic animals, more commonly in rumi- 
nants and dogs, and has been proved to be 
inherited in the Keeshond. It is one of sev- 
eral cardiac anomalies found in this breed, 
although their appearance does not follow 
simple mendelian distribution. 


Eisenmenger Complex 


This anomaly (Fig. 12.15B) is similar to 
tetralogy of Fallot except that pulmonic ste- 
nosis does not occur. The primary defects 
include a slight dextroaorta and a large in- 
terventricular septal defect. Developmen- 
tally, this condition is thought to result from 
hypoplasia of the proximal bulbar ridges. 
The higher systemic pressure in the left ven- 
tricle causes blood to flow left to right 
through the I-V septal defect. This additional 
source of blood causes the right ventricle to 
dilate and hypertrophy, which constitutes 
the third and secondarily acquired lesion of 
this complex. 

Without pulmonary stenosis there is no 
impediment to pulmonary outflow. In fact, 
the lung vessels become irritated from the 
large volume of high pressure circulation. In 
time this irritation results in obstructive le- 
sions forming within the pulmonary vascu- 


lar bed. The increased resistance to pulmo- 


nary circulation is called pulmonary hyper- 
tension. Resistance often increases until the 
right ventricular pressure exceeds that of the 
left ventricle. When this occurs the flow of 
blood through the I-V septal defect will be 
reversed. Unoxygenated blood will then en- 
ter the aorta resulting in cyanosis. 


Right Atrioventricular Stenosis or Atresia 


Narrowing or obliteration of the right 
atrioventricular orifice is rare but has been 
reported in the dog, cat and horse. The right 
ventricle fails to expand normally, and the 
right atrium is enlarged. When atresia (total 
obstruction) occurs, both interatrial and J-V 
septal defects must be present for the animal 
to survive postnatally. The interatrial defect 
supplies the venoarterial shunt, while a per- 
sistent I-V foramen permits some left ven- 
tricular blood to enter the pulmonary trunk. 


Transposition of Great Vessels 


Reversal of pulmonary and systemic out- 
flows (Fig. 12.15C) is rare, but has been 
observed in a Holstein calf and been re- 
ported in pigs. Failure of the aorticopulmon- 
ary and truncobulbar septa to develop in a 
spiral will cause the 4th aortic arches to 
connect with the right ventricle and the 6th 
aortic arches with the left ventricle. In this 
condition the ventricles are of the same size 
and generate comparable pressures. Since 
the systemic and pulmonary circulations are 
each separate and closed in this condition, 
the presence of a left-right shunt elsewhere 
in the heart is necessary for postnatal sur- 
vival. 


Persistent Truncus Arteriosus 


In this malformation (Fig. 12.15D) the 
spiral septum completely fails to develop. 
The interventricular septum is developed, 
but, as would be predicted, an interventric- 
ular foramen persists. Both oxygenated and 
nonoxygenated blood mix upon leaving the 
heart through the common truncus. If pul- 
monary flow is adequate and no resistance 
is encountered, cyanosis will be minimal. 
Usually the pulmonary arteries are hypo- 
plastic, restricting pulmonary flow and pro- 
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ducing cyanosis. This condition has been 
reported in dogs and pigs, and is usually 
lethal within a few days or weeks of birth. 


Persistent Atrioventricular Canal 


This condition results from a failure of 
the A-V endocardial cushions to fuse to- 
gether. Thus, the left and right A-V orifices 
do not become separated. Persistence of the 
foramen primum and the interventricular 
foramen also occurs. 


Bibliography 
NORMAL HEART DEVELOPMENT 


Burlingame PL, Long JA: The development of the heart 
in the rat. Univ Calif Pub/ Zool 43:249-320, 1939. 
Field EJ: The early development of the sheep heart. J 

Anat 80:75-88, 1946. j 

Girgis A: The development of the heart in the rabbit. 
Proc Zool Soc (London) 49:755-782, 1930. 

Huntington GS: The Anatomy and Development of the 
Systemic Lymphatic Vessels in the Domestic Cat. 
Philadelphia, Lippincott, 1911. 

Manasek FJ: Heart development: interactions involved 
in cardiac morphogenesis. In Poste G, Nicolson GL 
(eds): The Cell Surface in Animal Embryogenesis and 
Development. Amsterdam, Elsevier/North-Holland 
Biomedical Press, 1976. 

McBride RE, Moore GW, Hutchins GM: Development 
of the outflow tract and closure of the interventricular 
septum in the normal human heart. 4m J Anat 
160:309-331, 1981. 

Morrill CV: On the development of the atrial septum 
and the valvular apparatus in the right atrium of the 
pig embryo, with a note on the fenestration of the 
anterior cardinal veins. 4m J Anat 20:351-373, 1916. 

Oliveira P, et al: Observaciones anatomicas sobre el 
cierré del foramen oval in el perro (dog). Anat Hist 
Embryol 9:321-324, 1980. 

Ottaway CW: The anatomical closure of the foramen 
ovale in the equine and bovine heart: a comparative 
study with observations on the foetal and adult states. 
Br Vet J 100:111-118 and 130-134, 1944. 

Patten BM: Embryology of the Pig, ed 3. New York, 
Blakiston, 1948. 

Rosenquist GC, Bergsma D: (eds): Morphogenesis and 
Malformation of the Cardiovascular System. New 
York, AR Liss, 1978. 

Schulte HVonW: The fusion of the cardiac anlagen and 
the formation of the cardiac loop in the cat (Felis 
domestica). Am J Anat 20:45-72, 1916. 

Thompson RP, Fitzharris TP: Morphogenesis of the 
truncus arteriosus of the chick embryo heart: the 
formation and migration of mesenchymal tissue. Am 
J Anat 154:545-556, 1979. 

van Mierop LHS, Patterson DF, Schnarr WR: Heredi- 
tary conotruncal septal defects in Keeshond dogs. Am 
J Cardiol 40:936-950, 1977. (Note: contains an ex- 
cellent account of septation in the canine embryonic 
heart.) 

Vitums A: The embryonic development of the equine 
heart. Zb/ Vet Med C Anat Histol Embryol 10:193- 
211, 1981. 


SYSTEM li: HEART 255 


REVIEWS OF MALFORMATIONS 


Bayly WM, Reed SM, Leathers CW, Brown CM, Traub 
JL, Paradis MR, Palmer GH: Multiple congenital 
heart anomalies in five Arabian foals. JAVMA 
181:684-689, 1982. 

Detweiler DK, Patterson DF: Congenital heart disease. 
In Kirk RW (ed): Current Veterinary Therapy II. 
Philadelphia, Saunders, 1966. 

Hsu FS, Du SJ: Congenital heart diseases in swine. Vet 
Pathol 19:676—686, 1982. 

Jackson BT: The pathogenesis of congenital cardiovas- 
cular anomalies. N Eng! J Med 279:25-29, and 80- 
89, 1968. 

Kemler AG, Martin JE: Incidence of congenital cardiac 
defects in bovine fetuses. 4m J Vet Res 3:249-251, 
1972. 

Okamoto N: Congenital Anomalies of the Heart. To- 
kyo, Igaku-Shoin, 1980. 

Patterson DF: Clinical and epidemiological studies of 
congenital heart disease in dogs. JAVMA Proc 
100:128-135, 1963. 

Patterson DF: Congenital heart disease in the dog. Arn 
NY Acad Sci 127:541-569, 1965. 

Patterson DF: Canine congenital heart disease: epide- 
miology and etiological hypotheses. J Small Anim 
Prac 12:263-287, 1971. 

Rooney JR, Franks WC: Congenital cardiac anomalies 
in horses. Pathol Vet 1:454—464, 1964. 

Sandusky GE, Smith CW: Congenital cardiac anoma- 
lies in calves. Vet Rec 108:163-165, 1981. 

Van de Linde-Sipman JS, et al: Congenital heart anom- 
alies in the cat. A description of 16 cases. Zb! Vet 
Med A20:419-425, 1973. 


PULMONARY AND AORTIC STENOSIS, VALVULAR 
DEFECTS 


Carmichael JA, et al: A case of canine subaortic stenosis 
and aortic valvular insufficiency with particular ref- 
erence to diagnostic technique. J Small Anim Prac 
9:213-233, 1968. 

Hamlin RL, Harris SG: Mitral incompetence in Great 
Dane pups. JAVMA 154:790—798, 1969. 

Hamlin RL, Smetzer DL, Smith CR: Congenital mitral 
insufficiency in the dog. J4VMA 146:1088-1100, 
1965. 

Howe RS: Pulmonic stenosis in a cat. J 4m Anim Hosp 
Assoc 17:777-782, 1981. 

Krahwinkel DJ, Jr, Coogan PS: Endocardial fibroelas- 
tosis in a Great Dane pup. JAVMA 159:327-331, 
1971. 

Liu Si-K: Supravalvular aortic stenosis with deformity 
of the aortic valve in a cat. JAVMA 152:55-59, 1968. 

Lord PF, Wood A, Liu S, Tilley LP: Left ventricular. 
angiocardiography in congenital mitral valve insuffi- 
ciency of the dog. JAVMA 166:1069-1073, 1975. 

Ott BS, et al: Diagnosis and surgical repair of congenital 
pulmonary stenosis in the dog. JA VMA 144:851-856, 
1964. 

Ross JN, Jr: Diagnosis and surgical correction of patent 
ductus arteriosus and pulmonic stenosis in the dog. 
In Kirk RW (ed): Current Veterinary Therapy III. 
Philadelphia, Saunders, 1968. 

Tashjian RJ, et al: Isolated pulmonic valvular stenosis 
in a dog. JAVMA 135:94-102, 1959. 

Van der Linde-Sipman JS, Van der Luer RJT, Stokhof 
AA, Volvekamp WThC: Congenital subvalvular pul- 
monic stenosis in a cat. Vet Pathol 17:640-643, 1980. 


The Embryology of 


Domestic Animals 


Developmental Mechanisms 
and Malformations 


Drew M. Noden 


Professor, Department of Anatomy 

New York State College of Veterinary Medicine 
Cornell University 

Ithaca, New York 


Alexander de Lahunta 


Professor and Chairman, Department of Anatomy 
New York State College of Veterinary Medicine 
Cornell University 

Ithaca, New York 


Illustrated by Drew M. Noden 


with assistance by William Hamilton and Michael Simmons 


WILLIAMS & WILKINS 
Baltimore e London * Los Angeles * Sydney 


logy of Fallot 
1972. 
cat. JAVMA 


: dog. JAVMA 


is of tetralogy 
i3, 1962. 

aagiua G: Te- 
178:830-836, 


of Fallot in a 
nim Hosp As- 


ilogy of Fallot 
52-555, 1973. 
> detection of 
scess in a calf. 


athogenesis of 
the ventricular 
'ologic studies. 
Morphogenesis 
cular System. 
5. 


R'S 


me in the dog: 
c 17:477-483, 


lex in an Ayr- 
X 


r complex in a 


icular canal in 


icle in a dog. J 
81. 

lare commune 
1eeskd 88:205- 


er GR: Trans- 
the pulmonary 
7, 1973. 


CHAPTER 13 | 


Cardiovascular System Ill: 
Venous System and Lymphatics 


Vitelline Venous System 
Umbilical Venous System 
Cardinal Venous System 
Cranial cardinal veins 
Caudal cardinal, subcardinal and 
supracardinal veins 
Malformations of the Venous System 
Portasystemic anomalies 
Persistent ductus venosus 
Lymphatic System 
Embryology 
Congenital lymphedema 
Anasarca 
Bibliography 


The initial embryonic origin of venous 
endothelial cells has not been verified. Al- 
though the existence of angiogenic cords is 
often assumed, there is little direct evidence 
that the major intraembryonic veins develop 
from these precursors. Later, discrete venous 
channels form by the coalescing of isolated 
endothelial vesicles. Frequently, drainage 
from a particular region of the embryo will 
be accomplished by a plexus of small venous 
channels and only later, as muscles and skel- 
etal and visceral tissues are forming, is a 
single channel selected. It is generally be- 
lieved that selection of the definitive venous 
channel is the result of blood flow being 
increased along whichever pathway offers 
the least resistance. 

Three pairs of venous channels drain into 
the sinus venosus in the early embryo: the 
vitelline (omphalomesenteric) and umbilical 
veins, and the cardinal veins. The latter set 
are intraembryonic, the others bring blood 
from the extraembryonic circulation into the 
heart. Initially these all are bilaterally sym- 


metrical, but as a result of unequal patterns 
of vascular degeneration this symmetry is 
lost. 


VITELLINE VENOUS SYSTEM 


In the early embryo a pair of vitelline veins 
courses from the yolk sac into the septum 
transversum where they anastomose with 
those parts of the cardiac primordium that 
will later fuse and form the sinus venosus 
(Fig. 13.1). Intraembryonically the vitelline 
veins may be subdivided into proximal (cra- 
nial), middle and distal (caudal) parts, each 
of which subsequently develops differently. 

The proximal part of each vitelline vein is 
located between the sinus venosus and the 
septum transversum after these two tissues 
separate. The LEFT proximal vitelline vein 
atrophies. On the RIGHT this segment is 
retained and forms the hepatic segment of 
the caudal vena cava. 

The middle parts of the vitelline system 
become subdivided into numerous small 
channels within the liver. This transforma- 
tion is brought about by the rapid prolifer- 
ation of epithelial cords of hepatic tissue. 
The small vascular channels formed in this 
plexus are called hepatic sinusoids; they 
drain into hepatocardiac channels and then 
into the hepatic part of the caudal vena cava. 

The distal part of the vitelline system, 
located in splanchnic mesoderm between 
the liver and the umbilical stalk, forms many 
branches. These establish a series of anasto- 
mosing channels passing around the devel- 
oping duodenum both dorsally and, later, 
ventrally. Although some of these channels 
are transient, others are retained and form 
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Figure 13.1. Development of intraembryonic. vitelline and umbilical veins in the pig, shown in 
schematic ventral views of embryos at approximately A, 3- to 4-mm, B, 6-mm, C, 8- to 9-mm, and D, 


20-mm stages. (Redrawn from Patten, 1948.) 


most of the portal venous system and its 
branches. 


i UMBILICAL VENOUS SYSTEM 


Early in development, paired umbilical 
veins pass from the allantois through the 
umbilical cord, then along the ventral body 
wall to the septum transversum. As the he- 
patic sinusoids are forming, anastomoses are 


established between the umbilical veins and 
hepatic sinusoids. Subsequently, the umbil- 
ical system cranial to these anastomoses de- 
generates, as shown in Figure 13.1 Band C. 
Increased flow of blood from the placenta to 
the liver results in the enlargement of these 
anastomoses on the LEFT side, while on the 
right the entire umbilical vein atrophies. The 
large vascular channel between the left um- 


C 


bilical vein ai 
vena cava is 
Formation 
oxygenated tł 
flow directly 
This channe 
vores, rumin 
disappears d 
horse, neces 
nous blood 
chyma in the 
pass through 
bilical cord 
these join tc 
before enteri 
The umbil 
Concomitan 
the wall of th 
tion and sub: 
This proces: 
third postna! 
horse the un 
also ensheatl 
contracts in 
cord at partt 
After birth 
which course 
trium disapp 
be found in 
the ventral n 
liver. In you 
vessel are oft 
of the liver, 
falciform lig 
and left hey 
ruminants tl 
literated soo 
main in the 
osum. Small 
veins contril 
the portal ve 


CARD 


The large 
dinal veins, 
via the comr 
developmen 
system. Trar 
sels, plus ret 


LEFT 


xximal vitelline 
atic) vein 


g, shown in 
i-mm, and D, 


il veins and 
the umbil- 
omoses de- 
.] B and C. 
placenta to 
ant of these 
vhile on the 
ophies. The 
he left um- 


CARDIOVASCULAR SYSTEM Ill: VENOUS SYSTEM. & LYMPHATICS 259 


bilical vein and the hepatic part ofthe caudal 
vena cava is the ductus venosus. 

Formation of the ductus venosus allows 
oxygenated blood from placental vessels to 
flow directly through the liver to the heart. 
This channel persists until birth in carni- 
vores, ruminants, and primates. However, it 
disappears during gestation in the pig and 
horse, necessitating that the umbilical ve- 
nous blood pass through the liver paren- 
chyma in these species. Two umbilical veins 
pass through most of the length of the um- 
bilical cord of carnivores and ruminants; 
these join to form the left umbilical vein 
before entering the body of the embryo. 

The umbilical circulation ceases at birth. 
Concomitantly, spasmotic contractions of 
the wall of the umbilical vein cause constric- 
tion and subsequent occlusion of this vessel. 
This .process is usually completed by the 
third postnatal week. In ruminants and the 
horse the umbilical cord and umbilicus are 
also ensheathed with smooth muscle, which 
contracts in response to stretching of the 
cord at parturition. 

After birth that part of the umbilical vein 
which coursed through the ventral mesogas- 
trium disappears, although vestiges of it may 
be found in the falciform ligament between 
the ventral midline of the body wall and the 
liver. In young puppies remnants of this 
vessel are often found in the round ligament 
of the liver, located in the free edge of the 
falciform ligament. between the quadrate 
and left hepatic lobes. In carnivores and 
ruminants the ductus venosus becomes ob- 
literated soon after birth; vestiges may re- 
main in the form of the ligamentum ven- 
osum. Small parts of the original umbilical 
veins contribute to the intrahepatic part of 
the portal vein. 


CARDINAL VENOUS SYSTEM 


The large cranial and smaller caudal car- 
dinal veins, which enter the sinus venosus 
via the common cardinal veins, arise early in 
development as an intraembryonic venous 
system. Transformations of these paired ves- 
sels, plus retention of parts of new cardinal 


vessels arising in conjunction with develop- 
ment of the intermediate mesoderm, estab- 
lish the major venous channels. 


Cranial Cardinal Veins 


Cranial to the heart region the cranial 
cardinal veins are retained as the internal 
jugular veins and their branches. With 
growth of the first visceral arch and other 
components of the face, a branch of each 
cranial cardinal, the external jugular vein, 
appears. The subclavian veins arise as 
branches of the caudal cardinal veins near 
their junctions with the common cardinals. 
However, as shown in Figure 13.2, descent 
of the heart and elongation of the thorax 
result in the site of branching being shifted 
cranially, in the same manner as described 
for the subclavian arteries (Chapter 11). 

Up until this stage the cranial cardinal 
venous system is bilaterally symmetrical. 
Following the formation of an anastomotic 
channel connecting the right and left cranial 
cardinal veins, the proximal part of the left 
cranial cardinal atrophies (Fig. 13.2 B and 
C). Both cranial cardinal veins now enter 
the right common cardinal vein. The anas- 
tomotic branch becomes the left brachioce- 
phalic vein. In the neonate it is formed by 
the union of the external jugular vein and 
subclavian vein, and the internal jugular is 
considered a branch of this. The short right 
brachiocephalic vein is formed by the right 
cranial cardinal between the junction of the 
right external jugular and right subclavian 
veins and the attachment of the anastomotic 
branch (left brachiocephalic vein). The two 
brachiocephalic veins join to form the cra- 
nial vena cava, which is derived from the 
proximal part of the right cranial cardinal 
and the right comon cardinal veins. 


Caudal Cardinal, Subcardinal and 
Supracardinal veins 


Most of the venous drainage of the body 
wall, pelvic limbs axial muscles and viscera 
is formed from the cardinal venous network. 
During the course of embryonic develop- 
ment, three pairs of cardinal veins form in 
the trunk. 
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Figure 13.2. Schematic dorsal views of three stages in the development of the cranial cardinal veins 

- and sinus venosus. The azygos vein is shown branching from the right caudal cardinal, as occurs in 
most domestic animals. In the pig and horse it branches from the left side, and is found branching 
from the coronary sinus in the adult. Note the cranial displacement of the subclavian veins. 
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The caudal cardinal veins (Fig. 13.3A) are 
the first to form and are evolutionarily the 
most primitive. They appear early in the 
intermediate mesoderm dorsal to the meso- 
nephric duct (see Fig. 1.6). Subsequently the 
intermediate mesoderm on each side in the 
thoracolumbar region hypertrophies and 
forms the mesonephros, which functions as 
a kidney during part of fetal development in 
mammals and birds. Within this tissue are 
formed two bilateral sets of veins, the sub- 
cardinals and, later, the supracardinals. 
Their names indicate their original position 
relative to the caudal cardinal: the subcar- 
dinal veins are in the ventromedial part of 
the mesonephros, the supracardinal veins in 
the dorsal part of the organ. Both of these 
join the caudal cardinal veins near the heart. 
Caudally, the caudal cardinal vein shifts lat- 
erally and is found in the tissue of the body 
wall. 

As the mesonephros develops and, later 
in gestation, regresses (when the definitive, 
metanephric kidney becomes functional), a 
major transformation of these three cardinal 
venous pathways of the trunk occurs. As a 
result of differential growth, fusion and de- 
generation, there is formed a caudal vena 
cava that incorporates portions of all these 
vessels. On the left side the cranial part of 
the caudal cardinal vein atrophies at its junc- 
tion with the left common cardinal, which 
becomes the great cardiac vein and coronary 
sinus. However, the cranial part of the right 
caudal cardinal vein persists as the proximal 
part of the azygos vein (Fig. 13.2 B and C), 
joining the cranial vena cava in the horse, 
dog and cat. The remainder of the azygos 
vein is derived from the right supracardinal 
vein. In the ox and pig the azygos vein 
develops on the left side, as shown in Figure 
13.3 D and E. It is derived from the left 
supracardinal vein, distally, and the left cau- 
dal cardinal vein proximally, plus the left 
common cardinal. This left azygos enters 
the right atrium via the coronary sinus. 

Branches of the caudal part of the caudal 
cardinal veins include both the iliac veins, 
which drain the pelvic limbs and nearby 
tissues, and several anastomoses forming 


across the midline between them (Fig. 13.3 
C and D). After the supracardinal veins join 
the caudal cardinals slightly cranial to the 
iliacs (Fig. 13.3D), the caudal cardinals de- 
generate except for the short segment be- 
tween iliac and supracardinal veins. 

Many anastomoses form between the 
right and left subcardinal veins (Fig. 13.3 B 
and C); these coalesce to form a large me- 
dian subcardinal sinus. In addition a channel 
develops between the right subcardinal vein 
and the proximal part of the right vitelline 
vein (see Fig. 18.5). As a result blood from 
the embryonic kidneys (mesonephroi) enters 
the subcardinal veins, then is collected in a 
large subcardinal sinus and flows into the 
right vitelline vein, which is the proximal 
part of the caudal vena cava. 

Initially there are many anastomoses in 
the mesonephros between subcardinal and 
caudal cardinal veins, seen best in a lateral 
view (Fig. 13.4). When the latter degenerate 
many of these channels are retained and are 
joined by branches from the supracardinals 
(Fig. 13.3C). Those branches which drain 
the adrenal and renal (metanephric kidney) 


tissues are retained in the adult. 


The left subcardinal vein degenerates cra- 
nial to the subcardinal sinus, while the right 
subcardinal persists between the sinus and 
its anastomosis with the right vitelline vein. 
Caudally, part of the subcardinal veins are 
retained and form the testicular or ovarian 
veins. The definitive (metanephric) kidneys 
form caudal to the mesonephroi, and their 
drainage is facilitated by branches of the 
subcardinal-supracardinal anastomoses. 

The supracardinal veins are paired veins 
that join with the remnants of the caudal 
cardinal veins both cranially near the com- 
mon cardinal veins and caudally near the 
iliac veins. They form numerous interseg- 
mental branches and also establish several 
anastomoses with the subcardinal veins and 
sinus. 

Most of the left supracardinal vein degen- 
erates soon after forming. Vestiges of it are 
represented only in those animals in which 
a left azygos vein is present. The right su- 
pracardinal vein degenerates cranial to its 
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anastomosis with the subcardinal sinus. The 
distal part of the azygos vein (right azygos if 
a pair are present) represents the only re- 
mains of the cranial part of the supracardinal 
vein. Caudally the right supracardinal is re- 
tained as the venous channel joining the iliac 
veins (caudal.cardinal) to the rest of the 
caudal vena cava. 

AS a result of the events just described, 
blood flowing from the pelvic limbs would 
pass through the following vessels upon leav- 
ing the external iliac veins: 


l Adult vessel Embryonic components 
d Common iliac 1. Interiliac anastomo- 
E vein . Sis 
E 2. Caudal cardinal 
FEN veins 
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Figure 13.4. Right lateral view of the venous system of a 9.4-mm canine embryo. 
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This circuitous route to arrive at a single 
major vein, the caudal vena cava, may ap- 
pear to be unnecessarily complicated. How- 
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ever, it is in fact a quite conservative series 
of modifications on phylogenetically primi- 
tive patterns. The caudal cardinals and com- 
mon cardinals are, both ontogenetically and 
phylogenetically, the earliest and most prim- 
itive veins of the trunk. This simple paired 
system is still present in the lamprey. 
During the early evolution of some fishes, 
greater efficiency of kidney function was 
obtained by establishing separate venous 
channels flowing into the renal tissues. Such 
a venous system is called a renal portal 
network, and it permits greater contact be- 
tween the nephric capsule and the circula- 
tory system. The separate collecting veins 
that arose were the subcardinals. Gradually 
these assumed a greater role in carrying 
blood cranially, and the caudal cardinal 
veins became atretic cranially. Although it 
is not known why the vascular flow through 
certain vessels becomes diminished and aug- 
mented through others, it is clear that once 
a particular pathway has become evolution- 
arily reduced it cannot be “resurrected” in a 
later evolving species. The first two stages in 
caudal vena cava formation shown in Figure 
13.3 are found in extant fishes. The supra- 


cardinal veins are the most recent to appear, . 


and it is not known what (if any) their 
phylogenetic antecedents were. 

The above scenario is teleological. Even 
less is known about the forces which affect 
the evolution of a complex set of structures 
than about their embryonic development. 
At issue 1s a fundamental problem in mor- 
phogenesis. Namely, what is the relationship 
between a gene or a set of genes or a class of 
gene products, and the elaboration of a pair 
of veins, of a limb from a limb field, or of a 
skull. The results of evolutionary pressures 
and selection are readily visible in the animal 
families; the mechanisms by which preferred 
changes in patterns of growth and morpho- 
genesis are accomplished in development are 
matters of conjecture more than under- 
standing. 


MALFORMATIONS OF THE 


VENOUS SYSTEM 


The precise patterns of branching of veins 
can vary considerably from one animal to 


another. In most cases these are of no clinical 
significance; however, this variability must 
be appreciated whenever surgery of internal 
organs is being performed. For example, in 
approximately 30% of the dogs presented 
with a right aortic vascular ring, a left cranial 
vena cava is also present (Fig. 13.5). Since it 
usually loops ventrally around the pulmo- 
nary trunk and directly across the ligamen- 
tum arteriosum, which must be transected 
to alleviate the esophageal constriction, its 
presence must be considered in these pa- 
tients. 

Many variations in the pattern of venous 
drainage of the kidneys, adrenals and gonads 
have been reported in man and the domestic 
animals. It is possible to have two caudal 
vena cavae between the iliac veins and the 
kidneys; presumably these result from reten- 
tion of the left as well as the right caudal 
supracardinal veins. The hepatic portal veins 
are paired in avian species. 


Portasystemic Anomalies 
If an anastomosis persists between the 
caudal part of the vitelline veins, which form 
the portal system, and any of the cardinal 
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Figure 13.5. Persistent left cranial vena cava in 
a dog, left ventral view. (From Evans and Chris- 
tensen, 1979.) 
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veins of the trunk, it can form a portasys- 
temic shunt. Jn these cases one or several 
vessels connect the portal vein to the caudal 
vena cava or the azygos vein. Much of the 
blood which would normally enter the cap- 
illary plexus of the hepatic parenchyma, 
where potential toxic metabolic waste prod- 
ucts are removed, goes instead directly to 
the heart. 


Occasionally the ductus venosus persists 
and acts as a portacaval shunt within the 
liver parenchyma. Also, anastomoses be- 
tween portal and systemic veins may arise 
in older animals in conjunction with chronic 
liver disease, such as cirrhosis or hepatitis. 

Congenital portasystemic shunts are most 
frequently encountered in cats and dogs, but 
have been reported in calves and horses. 


CASE STUDY 
Signalment: A 3-month-old male English Springer Spaniel. 


Chief complaint: Abnormal behavior. 


History: A week before examination this puppy became depressed and walked aimlessly, 
often bumping into objects. He was disoriented and snapped at the owner. The next 
day he acted normal, but 2 days later he collapsed and seizures occurred. These signs 


continued episodically for several days. 


Examination: Initial examination showed profound depression, visual impairment, re- 
cumbency and inability to walk. Several hours later he walked but acted blind, and a 
few hours after that his vision and gait were normal. 


FACTS 
Depression, aimless walking, blindness, 
seizures, disorientation 
Normal gait 


Recumbency, inability to walk 


Fluctuating clinical signs 


INTERPRETATIONS 


These are all signs of abnormal cerebral 
function 

Normal function of peripheral nerves, 
spinal cord and caudal brain stem 

Disturbed function of peripheral nerves, 
spinal cord or caudal brain stem 

Suggests a metabolic disturbance rather 
than a structural lesion in the nervous 
system 


Hypothesis: This dog could have a primary disturbance of its prosencephalon that could 
be due to a metabolic disorder such as hypoglycemia, hypoxia from inadequate cardiac 
outflow, or hyperammonemia from liver dysfunction. 


Laboratory tests: 


Normal blood glucose and cerebrospinal 
fluid 


Elevated alkaline phosphatase, delayed 
bromosulphalein clearance, low total 
serum protein, low serum albumin, 
ammonium biurate crystals in urine 


Clinical signs probably not due to hypo- 
glycemia or inflammatory brain dis- 
ease 

Suggest abnormal liver function 


Hypothesis: Clinical signs may be due to hepatic encephalopathy resulting from excessive 
ammonia and other metabolites not being metabolized by the liver. These cause 
abnormal functioning of neurons in the central nervous system, especially the cere- 


brum. 


Portal venogram: 

Radiopaque dye in portal vein enters cau- 
dal vena cava with very little found in 
liver (Fig. 13.64) 


Puppies and kittens with portasystemic 
shunts grow poorly and are often chronically 
ill. They exhibit neurological signs such as 
episodic seizures, head pressing, circling, vis- 


Confirms a portasystemic shunt 


ual impairment, and sometimes even epi- 
sodes of stupor or viciousness. Most of these 
are indicative of abnormal cerebral function. 
The chronic illness is characterized by per- 
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Figure 13.6. Portasystemic shunts. A, shows a dog in which radiopaque dye was injected into the 
cranial mesenteric vein. Most of the contrast material passed through an abnormal shunt from the 
left gastric vein (black arrow) to the caudal vena cava (white arrow). B, is a cat in which dye injected 
into the cranial mesenteric vein passed into the azygos vein (arrow). 


iods of anorexia (failure to eat), vomiting, 
diarrhea, intermittent fever, and occasion- 
ally polyuria (excessive urine output) and 
polydipsia (excessive thirst). Upon physical 
examination the liver may be difficult to 
palpate. 

Although the exact cause of the neurolog- 
ical signs is not known, it is generally be- 
lieved that they are related to high circulat- 
ing levels of toxins, both from metabolic 
activity of the body’s tissues and from intes- 
tinal flora. The best characterized of these is 
ammonia, which usually (but not always) is 


significantly elevated in the serum of af- 
fected animals. 

Portal venography will confirm the clini- 
cal diagnosis of this disease. This may be 
performed by cannulation of an intestinal 
vein or the spleen, and injection of a radi- 
opaque dye. If the dye directly enters either 
the caudal vena cava or the azygos vein (Fig. 
13.6B) with only minimal opacification of 
the hepatic parenchyma, a portasystemic 
shunt is present. 

Medical treatment consists of feeding a 
low protein diet and using an intestinal an- 
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tibiotic to decrease enteric bacterial fermen- 
tation that produces ammonia. Surgical li- 
gation of the shunt can be successful in those 
cases in which the normal hepatic portal 
vein and liver sinuses are present and patent. 

A persistent ductus venosus has been re- 
ported in dogs. This also acts as a portasys- 
temic shunt carrying portal venous blood 
directly to the caudal vena cava, bypassing 
the liver parenchyma. Portal venography 
will demonstrate this anomaly. 


LYMPHATIC SYSTEM 


The lymphatic system is derived from 
mesoderm and develops in parallel with 
many parts of the venous system. However, 
little is known about factors that control the 
assembly of these vessels or their pattern of 
branching. The branches of this system are 
closed; they collect fluids as well as macro- 
molecules and discharge them into the ve- 
nous circulation. 

In the embryo, coalescence of the devel- 
oping lymphatic channels forms six lymph 
sacs. The two large jugular lymph sacs at the 
thoracic inlet arise as outgrowths of the in- 
ternal jugular vein. First visible in fetuses of 
about 10 mm in length, these connections 
persist in the adult animal. In addition there 
is one retroperitoneal lymph sac in the dorsal 
abdomen, the cisterna chyli in the dorsal 
abdomen and two sciatic lymph sacs for the 
pelvic limbs. Except for the cisterna chyli, 
these lymph sacs disappear in the late fetus. 

Initially this is a bilateral system with 
lymph vessels from each pelvic limb and the 
abdomen entering the cisterna chyli. The 
cisterna is, in turn, drained by a pair of 
thoracic ducts that pass to the thoracic inlet, 
join with thoracic limb and head lymphatics, 
and connect to the venous system. 

Lymph nodes develop along these lym- 
phatic channels to filter the lymph. They are 
derived from the mesoderm adjacent to the 
lymphatics. 

Congenital hereditary lymphedema has 
been reported in newborn puppies as an 
autosomal dominant inheritance of variable 
expression. Nonpainful pitting edema oc- 
curs in the limbs, and occasionally the trunk 


and head. Lymphangiography has demon- 
strated malformed peripheral lymphatics 
consisting of an increase in the number, size 
and tortuosity of distal lymphatics associ- 
ated with a failure of them to connect cen- 
trally. Lymph nodes may be absent. The 
condition may cause early death or slowly 
ameliorate by itself. 

Fetal anasarca consists of diffuse subcu- 
taneous edema at birth. Often the head and 
neck are most severely effected. It has been 
reported as due to an autosomal recessive 
gene in Ayshires and Swedish Lowland cat- 
tle. Also, it is a frequent result of teratologi- 
cal insult. Limited pathogenetic studies sug- 
gest that hypoplasia of lymph nodes and 
lymphatic endothelium may be one possible 
basis for this syndrome. 
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ENDODERMAL TUBE 


As the cranial and caudal intestinal portals 
move closer to each other, eventually meet- 
ing at the umbilicus, there is formed a tube 
of endoderm extending from the oral plate, 
cranially, to the cloacal membrane, cau- 
dally. Many diverticula will evaginate from 
this tube. Some, such as the middle ear 
cavity, liver, pancreas and lungs, will retain 
their connections with the original gut tube 
(via the auditory tube, bile duct, pancreatic 
duct(s), and trachea). In other cases, such as 
the thyroid and thymus, the original embry- 
onic connections are normally lost. 

The endodermal tube is divided into four 
regions, as shown in Figure 14.1: the phar- 
ynx, foregut, midgut and hindgut. 

These are surrounded by mesoderm, 
which forms the stroma and supporting cells 
of all gut derivatives and the muscular wall 
of the digestive tract. The endoderm forms 
parenchymal cells, which are the tissue-spe- 
cific functional cells of each organ. These 
include the mucosal epithelium of the stom- 
ach and intestine, the hepatocytes of the 
liver, and the bronchioles and alveoli of the 
lungs. 

The pharynx is an endodermally lined, 
dorsoventrally flattened tube extending 


from the oropharyngeal (oral) plate (Fig. 
14.2) to the esophagus, which begins at the 
level of the Ist and 2nd somites. Develop- 
mentally it differs from the rest of the en- 
dodermal tube in several essential ways. 
When first formed the rostral, ventral and 
lateral margins of the pharynx are closely 
approximated by the cephalic and lateral 
body folds, and the heart and aortic arches 
underlie it ventrally. Unlike the rest of the 
gut there is no coelom or cavity surrounding 
the pharynx and there is no separation of 
intraembryonic mesoderm into discernable 
somatic and splanchnic layers in the head. 

Second, as described in Chapter 9, the 
pharynx becomes surrounded laterally and 
ventrally by mesenchyme derived from the 
neural crest, which forms the skeletal and 
connective tissues of the visceral arches (al- 
ternatively called pharyngeal or branchial 
arches). Finally, the pharyngeal region has 
undergone major changes during vertebrate 
evolution, concomitant with alterations in 
the visceral arches described in Chapter 9. 
The shift from filter-feeding to biting and 
chewing, and from gill to lung-mediated res- 
piration allowed pharyngeal components to 
be modified for other functions. 

The pharyngeal pouches are a series of 4- 
5 bilateral pairs of lateral evaginations of 
pharyngeal endoderm (refer to Fig. 11.2). 
These arise in a rostrocaudal sequence and, 
as shown in Figure 14.3, project laterally 
between the branchial arches. The distal (lat- 
eral) part of each pharyngeal pouch expands 
dorsally and ventrally (Fig. 14.4), and closely 
apposes medial indentations of the surface 
ectoderm called visceral grooves. 

In mammals the 5th pharyngeal pouch is 
rudimentary and appears as a slight divertic- 
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Figure 14.1. Schematic lateral view of the endodermal tube, with pharynx, foregut, midgut and 
hindgut areas indicated. The insert illustrates the position of these structures within the body. 
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Figure 14.3. Section of a 22-somite cat embryo at the level of the pharynx and oral plate, as 
indicated on the insert. The embryo was cut in a dorsal plane. 
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Figure 14.4. Schematic illustration of an 8-mm dog embryo (approximately 312 weeks of gestation) 
showing the outpocketings of the pharynx. Only the second pharyngeal pouch fuses with the surface 
ectoderm to form a transient visceral cleft. Dashed line indicates the profile of the tongue. 7, 2, 3, 


and 4 are pharyngeal pouches. 


ulum off the 4th pouch. Only the first three 
pouches contact the surface ectoderm. In 
lower vertebrates the epithelia at these zones 
of endoderm-ectoderm apposition degener- 
ate, creating openings between the pharynx 
and the extraembryonic environment. These 
openings, called visceral clefts, persist in 
fishes to form the gill slits. In contrast, the 
visceral clefts are transient and their number 
is reduced in all higher vertebrates, there 


being only two (1st and 2nd pouches) in 
birds and, usually, one (2nd pouch) or none 
in mammals. 


PHARYNGEAL POUCH 1 


The ventral part of the first pair of pha- 
ryngeal pouches is obliterated by the devel- 
oping tongue. The dorsal projection (Fig. 
14.5) retains its close proximity to the oto- 
cyst and becomes the lining of the auditory 


274 EMBRYOLOGY OF DOMESTIC ANIMALS 


1st pharyngeal pouch 


1st visceral groove 


Pharynx 


Tongue 


Opercular fold of 
2nd visceral arch 


ana vecera det ee 


3rd pharyngeal pouch 
(ventral wing) 


4th pharyngeal pouch 
(ventral wing) 
Laryngotracheal groove 


Esophagus 


Figure 14.5. Section of an 11.5-mm calf embryo cut in the dorsal plane showing a transient visceral 
cleft between the 2nd pharyngeal pouch and 2nd visceral groove. 


tube (Eustachian tube) and middle ear cav- 
ity, which is the cavity of the tympanic bulla. 
The auditory tube opens from the dorsal 
region of the pharynx designated the naso- 
pharynx. In the middle ear the endoderm of 
this pouch forms the epithelial lining of the 
middle ear cavity and the tympanum (Fig. 
14.6). In the horse a large diverticulum of 
each auditory tube becomes greatly enlarged 
to form the guttural pouch, illustrated in 
Figure 14.7. 

The first visceral groove forms the exter- 
nal ear canal. At the base of the canal this 
ectodermal lining is closely apposed to the 
endoderm of the Ist pouch to complete the 
formation of the tympanum. The mesen- 
chyme of visceral arches 1 and 2 adjacent to 
this groove will form the pinna of the exter- 
nal ear and the ossicles of the middle ear. 


PHARYNGEAL POUCH 2 


This pouch is greatly reduced by the pro- 
liferation of the tongue and adjacent tissues. 
Only part of the dorsal portion persists as 
the fossa for the palatine tonsil. The lym- 
phatic tonsillar. tissue is mesenchymal in 
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origin, and the function served by endo- 
dermal epithelium is unknown. The epithe- 
lium covering the tonsil, called the semilunar 
fold, is also derived from second pouch en- 
doderm. 


PHARYNGEAL POUCH 3 


The lumina of pharyngeal pouches 3 and 
4 are obliterated, but the epithelial cells that 
form their lining proliferate and give rise to 
a number of endocrine glands. The endo- 
dermal epithelium of the dorsal wing of each 
3rd pouch gives rise to the parenchymal cells 
of a parathyroid gland. These are called 
parathyroid glands 3 or the external para- 
thyroids because of their extracapsular rela- 
tionship to the thyroid gland. 

The ventral endoderm of each 3rd pouch 
(Fig. 14.6) gives rise to the epithelial reticular 
cells of the thymus gland. The thymic T 
cells, which are one class of lymphocytes, 
come from lymphopoietic stem cells initially 
derived from the mesoderm of the yolk sac, 
later from the liver, and postnatally from 
the bone marrow. These lymphocytes are 
activated in the thymus by an endocrine 
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Figure 14.6. Lateral (top) and schematic dorsal plane (bottom) views of the formation of pharyngeal 
pouch derivatives on one side as they would appear in 6- to 8-mm and 12- to 15-mm embryos. Note 
that the second branchial arch grows caudally to cover the surface of the 3rd and 4th arches: the 


enclosed space is the cervical sinus. 


substance termed thymic humoral factor or 
thymosin, which is thought to be secreted 
by the epithelial reticular cells. The acti- 
vated, immunocompetent thymic T cells are 
primarily responsible for cell-mediated im- 
munity. 

The embryonic thymus is close to the 3rd 


and 4th aortic arches. As the heart and these 
vessels shift caudally relative to the growth 
of the head and neck, the thymus tissue 
descends with them into the cranial part of 
the thorax. As a result, in most mammals 
the bilobed thymus is found in the cranial 
mediastinum, adjacent to the pericardium 
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Figure 14.7. The equine guttural pouch, which is an outpocket of the auditory tube, a derivative of 
the 1st pharyngeal pouch. Bottom is a schematic transverse section. 


of the heart. However, in some species, such 
as ruminants, pigs, and most birds, thymic 
tissue extends diffusely ventrolateral to the 
trachea from the larynx to the cranial thorax. 


PHARYNGEAL POUCH 4 


The endodermal epithelial cells of the dor- 
sal wing of the fourth pharyngeal pouch 
form the parenchymal cells of a second pair 


of parathyroid glands called parathyroid 4 
or the internal parathyroids, because their 
final location is inside the capsule of the 
thyroid gland. 

Epithelial clusters bud off the ventral wing 
of the 4th pouch and are infiltrated by neural 
crest cells that proliferate around the pouch 
epithelium. These form the parenchymal 
cells of the ultimobranchial body, which in 


mamn 
with tl 
within 
C cell: 
gland. 
to hyp 

In st 
pouch 
develo 


The 
gland ; 
lial cel 
Fig. 1: 
first ar 
of the 
geal px 
called 
columi 
trally : 
enchyr 
each o: 
thyroic 
develo] 
the phe 
In mos 
duct is 
which 
from v 
pancre: 
connec 
thyroid 
the lar: 
connec 
isthmu 
a singl 
lobes a 

As tl 
dally, 1 
the ver 
Some « 
tonin-s 
become 
this pe 
organiz 
subseqt 
comes 
source | 
cells dis 
gland, t 


, a derivative of 


parathyroid 4 
because their 
apsule of the 


e ventral wing 
ated by neural 
ind the pouch 

parenchymal 
ody, which in 


PHARYNX AND PHARYNGEAL POUCHES 277 


mammals becomes intimately associated 
with the thyroid parenchyma. The crest cells 
within the ultimobranchial tissue form the 
C cells (parafollicular cells) of the thyroid 
gland. These produce calcitonin in response 
to hypercalcemia. 

In sheep a small portion of the ventral 4th 
pouch epithelial cells also contributes to the 
developing thymus gland. 


THYROID GLAND 


The parenchymal cells of the thyroid 
gland are derived from endodermal epithe- 
lial cells. As shown in Figure 14.4 (see also 
Fig. 12.8), the primordium of the thyroid 
first appears as an evagination on the floor 
of the foregut between the first two pharyn- 
geal pouches. This ventral outpocketing is 
called the thyroid diverticulum. A tube-like 
column of these epithelial cells grows ven- 
trally and caudally into the adjacent mes- 
enchyme. There it divides into two portions, 
each of which will give rise to a lobe of the 
thyroid. The tubular connection from the 
developing gland to the point of origin from 
the pharyngeal floor is the thyroglossal duct. 
In most mammals, including the dog, this 
duct is never patent. Unlike exocrine glands, 
which retain a connection with epithelium 
from which they arise (e.g. salivary glands, 
pancreas), the thyroid gland loses its original 
connection to the floor of the pharynx. The 
thyroid splits into two lateral lobes that in 
the large domestic animals usually remain 
connected ventral to the trachea by a thyroid 
isthmus. The exception is the pig, which has 
a single thyroid gland. In the dog the two 
lobes are completely separate. 

As the primordial thyroid cells shift cau- 
dally, they contact tissues associated with 
the ventral portion of pharyngeal pouch 4. 
Some of these cells are presumptive calci- 
tonin-secreting mesenchymal cells, which 
become incorporated into the thyroid during 
this period. The thyroid parenchymal cells 
organize in solid clusters, each of which 
subsequently forms a lumen and then be- 
comes follicular. These follicles will be the 
source of thyroxine. The calcitonin-secreting 
cells disperse between follicles in the thyroid 
gland, thus the name parafollicular cells. 


MALFORMATIONS OF PHARYNGEAL 
POUCHES 


Given the complexity of pharyngeal 
pouch development, the system is remarka- 
bly low in the frequency with which malfor- 
mations appear. 

A thyroglossal cyst represents a develop- 
mental abnormality near the site of origin 
of the thyroid diverticulum. In this condi- 
tion a cyst surrounded by thyroid follicular 
cells is found in the root of the tongue. These 
subepiglottic cysts may cause inspiratory 
dyspnea and exercise intolerance in athletic 
horses. Ectopic thyroid tissue in the vicinity 
of the basihyoid bone similarly is a remnant 
of the course taken by the thyroid divertic- 
ulum as it descends. 

Branchial cyst, sinus, or fistula. A cyst is 
an epithelial lined cavity that does not com- 
municate with an epithelial surface. A sinus 
is an epithelial lined cavity that communi- 
cates with one epithelial surface, and a fis- 
tula is an epithelial lined cavity that connects 
with two epithelial surfaces. When any of 
these abnormal structures are present con- 
genitally, it usually is the result of an inva- 
ginating or evaginating epithelial vesicle fail- 
ing to separate normally from its parent 
epithelium. 

For example, improper closure of the cer- 
vical sinus (Fig. 14.6) by the caudal growth 
of the hyoid arch operculum may leave rem- 
nants of visceral grooves communicating 
with the skin of the neck. Ifa totally enclosed 
visceral groove persists, its epithelial lining 
secretes fluid into the lumen, resulting in 
formation of a branchial cyst. Visceral 
groove remnants such as these are more 
common in man than in domestic animals. 

Noninflammatory cervical swellings are 
common in dogs, but only occasionally are 
they due to an abnormality of visceral 
groove development. More often these swell- 
ings contain a clear, slightly viscous salivary 
type of fluid and are salivary mucoceles, not 
branchial cysts. A mucocele is a cystic cavity 
that contains mucinous material but lacks 
an epithelial lining. A salivary mucocele is 
the result of a rupture or defect in a salivary 
duct or gland parenchyma. This involves the 
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monostomatic sublingual gland or, occa- 
sionally, the mandibular salivary gland. As 
the saliva slowly leaks out of the duct or 
gland, it flows through the connective tissue 
spaces to a point in the neck where it begins 
to collect. The body responds by walling off 
this fluid collection with proliferated con- 
nective tissue. 

Occasionally, salivary secretions collect in 
the oral cavity adjacent to the salivary duct 
alongside the tongue; this is called a sublin- 
gual cyst or ranula. Radiopaque dye injected 
into the orifice of the salivary duct will often 
demonstrate the site of the defect in the duct 
and show a communication with the mu- 
cocele. This technique is called sialography 
(sialon = saliva). 

A branchial cyst is successfully treated by 
removal of the entire epithelial lining of the 
cyst. A salivary mucocele is successfully 
treated by removal of the involved salivary 
gland with or without removal of the mu- 
cocele. Simple aspiration of the fluid con- 
tents will not provide a permanent cure to 
either condition. It has been suggested that 
either injury or malformation may cause the 
salivary duct defect. 

Ectopic derivatives of pharyngeal pouch 
epithelium, including thyroid, parathyroid, 
and thymus tissues, have been reported. In 
addition abnormal induction or migration 
of pouch tissues can result in finding several 
of these different tissue types in one organ. 
For example, it is possible while studying 
microscopic sections of the thymus gland to 
find a few thyroid follicles or parathyroid 
cells mixed in with the thymus gland paren- 
chyma. These usually cause the animal no 
harm. 

In the foal, abnormalities in the opening 
to a guttural pouch can lead to a gaseous 


distension of the pouch, which may be rec- 
ognized by swelling caudal to the ramus of 
the mandible. This is referred to as tympan- 
ites or guttural pouch emphysema. 
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TRACHEA AND LUNGS 
Pulmonary Morphogenesis 


Starting at the level of the 4th pharyngeal 
pouches a longitudinal diverticulum of en- 
dodermal epithelial cells grows ventrally 
from the foregut in the median plane. This 
solid cord of cells hollows out to form the 
laryngotracheal groove (Fig. 15.14) which 
grows ventrally and caudally into the 
splanchnic mesoderm beneath the foregut. 
Initially this groove is open with the floor of 
the foregut over a considerable distance. 
Later, beginning from the caudal margin of 
the groove and progressing cranially, ridges 
of mesenchyme proliferate on both sides of 
the groove. Growth of these tracheoesopha- 
geal ridges causes the lateral endodermal 
epithelial surfaces to meet and fuse together, 
thus obliterating the communication be- 
tween trachea and esophagus except at the 
level of the developing larynx. The partition 
formed by the ridges is called the tracheo- 
esophageal septum. 

The blind caudal end of the respiratory 
diverticulum continues to grow caudally in 
the mesoderm ventral to the esophagus. This 


diverticulum, shown in Figure 15.2, is the 
lung bud. It splits early to become bilobed. 
As it grows distally from its point of origin, 
the epithelium of the connecting stalk be- 
comes the laryngotracheal tube. The meso- 
derm adjacent to this tube will ultimately 
form the connective tissues of the wall of 
the trachea and the tracheal cartilages. 

As the lung bud extends caudally between 
the foregut and the developing heart, it is 
located in the embryonic mediastinum (see 
Separation of Pleural and Pericardial Cavi- 
ties). Here the bilobed branches form the left 
and right principal bronchi. In the ruminant 
species and the pig a tracheal bronchus also 
develops on the right side. 

Continued growth and subdivision of the 
principal bronchi will give rise to each lung 
as illustrated in Figure 15.3. The first bron- 
chial branches formed will become the lobar 
bronchi; the future segmental] bronchi form 
next, followed by smaller branches called 
bronchioles. The functional parenchymal 
unit on the end of this duct system is the 
alveolus. The distal bronchioles and alveoli 
continue to be formed postnatally. Histolog- 
ically, there is a decrease in the amount of 
supporting connective tissue at more distal 
sites and an increase in the number of pul- 
monary blood vessels per unit area. 

Repeated branching at the distal ends of 
the pulmonary epithelial diverticula is nec- 
essary to create a greatly increased surface 
area. Similar events occur in the other deriv- 
atives of the gut, but the pattern of branching 
is different for each. 

In sheep the respiratory diverticulum ap- 
pears on the 17th day of gestation, the lung 
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Figure 15.1. Lateral (top row) and ventral (bottom row) views showing the formation and partial 
separation of the laryngotracheal diverticulum from the floor of the caudal part of the pharynx. A and 
B represent successive stages of tracheoesophageal ridge apposition. Arrows in A indicate areas of 
the tracheoesophageal groove that will become occluded by ridge closure and will subsequently 
degenerate (X X X X). 
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Figure 15.2. Section cut in a dorsal plane through a 10-mm feline embryo to illustrate the early 


development of the lung buds and trachea. The location and plane of section are indicated on the 
insert. 
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bud is evident by the 19th day and is bilobed 
on the 20th day. The laryngotracheal tube is 
delineated on day 21 and the larynx develops 
over the next 10 days. Lobar bronchi sur- 
rounded by a dense mesoderm appear on 
day 22, and segmental bronchi by day 25. 
During this time the embryo grows from 4 
to 12 mm in length. 

Experimental analyses have shown that 
the endodermal epithelial component and 
the mesenchyme which surrounds it are both 
essential for normal lung morphogenesis. 
Lung bud epithelium stripped of its mesen- 
chyme fails to continue growing and branch- 
ing. If the mesenchyme is replaced, even 
with mesenchyme from a different organ 
(salivary gland or pancreas, for example), 
typical pulmonary-type growth and branch- 
ing resumes. These heterologous mesen- 
chymes will even elicit budding from the 
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Figure 15.3. Sequential branching of the lung primordium in the pig embryo during the 4th week of 
gestation. Redrawn after Patten BM: Embryology of the Pig. ed. 3. Philadelphia, Blakiston, 1948. 


trachea, as illustrated in Figure 15.44. How- 
ever, if distal (bronchial) mesenchyme is 
replaced with that normally surrounding the 
trachea, no branching occurs, as shown in 
Figure 15.4B- Thus, in early lung develop- 
ment the pattern of branching is largely an 
inherent property of the endodermal laryn- 
gotracheal diverticulum, but its expression 
is dependent upon mesenchymal cells with 
branching promoting properties. 


Formation of Alveoli 


When first formed the alveoli are solid 
cords of cuboidal cells. In time the lumen of 
the bronchioles expands into the alveoli and 
the alveolar epithelium becomes thin. Some 
of these epithelial cells produce a phospho- 


lipoprotein called surfactant, which reduces | 


surface tension and aids in maintaining pat- 
ency of the lumen of the alveolus. 
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Figure 15.4. Interactions between pulmonary epithelia and mesenchyme demonstrated using organ 
culture of mouse lung primordia. In A, tracheal mesenchyme was removed and replaced with salivary 
gland mesenchyme; this resulted in the growth of an ectopic, tracheal bronchus. A tracheal bronchus 
is normally found in the pig and ruminants, but not in other domestic and laboratory animals. In B, 
tracheal mesenchyme grafted in place of bronchial mesenchyme was unable to elicit branching from 
the bronchial epithelium. (From Wessells NK: Tissue Interactions and Development, Menlo Park, W. 


A. Benjamin, Inc., 1977.) 


In man alveoli become patent and the 
epithelial cells become narrow at 16 weeks 
of gestation, but surfactant is not produced 
until 30 weeks of gestation. In sheep the 
corresponding times are estimated to be 110 
days and 125-130 days, respectively. Both 
patency of the alveolus and the presence of 
surfactant are necessary for survival. The 
administration of corticosteroids may accel- 
erate surfactant production and permit res- 
piratory function in animals born prema- 
turely. 

The fetal bronchial tree is filled with fluid, 
the origin of which is controversial. One 
theory is that it is derived from glandular 
secretions by the pulmonary mucosa and a 
small amount of vascular transudate. The 


other theory suggests it is predominantly 
ingested amniotic fluid that enters the bron- 
chial tree via the opening of the glottis. 
While it is known that the fetal larynx has 
the capability to close the glottis and prevent 
the intake of amniotic fluid, and that fluid 
pressure within the fetal trachea generally 
exceeds that in the esophagus, the possibility 
that amniotic fluid enters the bronchial tree 
in utero cannot be excluded. 

Recent experimental observations docu- 
ment the occurrence of shallow respiratory 
activity in the fetus. In the lamb these are 
first observed around 40 days of gestation 
and become deeper and more rapid towards 
term. This respiratory activity creates only a 
small change in thoracic volume, but is nec- 
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essary to maintain functional articulations 
between ribs and vertebrae and tonus of 
respiratory muscles. 

At birth an abrupt change must occur in 
the physiology of the fetus for it to survive 
in a gaseous environment. Cardiovascular 
and respiratory function are most immedi- 
ately affected. The cessation of umbilical 
blood flow results in a rapid decrease of 
oxygen content of blood (hypoxemia) and 
an increase of CO, in the blood (hypercar- 
bia). As a consequence of these events the 
blood pH decreases (acidosis). These chem- 
ical changes stimulate peripheral and central 
receptors that influence respiratory centers 
in the medulla. Additional stimuli include 
the body being released from immersion, 
cooling and external manipulation. 

With the first few inspiratory gasps, the 
bronchial tree and alveoli expand and are 
maintained in this condition by the surfac- 
tant that lines the alveolar surface. Sudden 
expansion of the lungs produces a marked 
pulmonary vasodilation and decrease in the 
resistance to blood flow through the lungs. 
At the same time the ductus arteriosus be- 


Figure 15.5. Schematic representation of the floor of the pharynx to illustrate the location of the 
primordia of the epiglottis and laryngeal structures. Roman numerals identify visceral arches. 


gins to constrict. Thus, blood from the pul- 
monary trunk that prenatally flowed 
through the ductus arteriosus now perfuses 
the lungs. Pulmonary blood flow increases 
6-10 times over its flow in the fetus. A 
marked decrease in right heart pressure ac- 
companies these pulmonary changes. 

The fluid present in the fetal bronchial 
tree is removed from the newborn by a 
number of routes, which include direct flow 
to the pharynx and oral cavity, evaporation 
into the respired air, and absorption into the 
pulmonary lymphatics. 


LARYNX 


An elevation called the epiglottal swelling 
(Fig. 15.5) appears in the floor (ventral sur- 
face) of the pharynx immediately rostral to 
the laryngotracheal groove and caudal to the 
base of the tongue (see Chapter 9) at the 
level of the 4th visceral arches. This swelling 
elongates in the transverse plane as a result 
of local proliferation and dispersal of under- 
lying mesenchyme. On either side of the 
Jaryngotracheal groove there appear longi- 
tudinal laryngeal swellings. 
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Growth of the epiglottal and laryngeal 
swellings causes the laryngeal opening (adi- 
tus) to become T-shaped. The lumen of the 
larynx becomes occluded by these swellings. 
Later, an epithelial-lined lumen is reformed 
and the paired laryngeal ventricles are 
formed. 

It is generally stated that most (or all) the 
cartilages of the larynx are derived from 
visceral arch (neural crest) mesenchyme, 
and laryngeal muscles are correspondingly 
branchiomeric. This is based on the location 
of their formation, in close proximity to 
other known visceral arch structures, and 
their pattern of innervation. 

However, recent experimental analyses in 
avian embryos negate these assumptions. 
Transplantation of labeled neural crest cells 
has shown that the arytenoid and cricoid 
laryngeal cartilages are formed from meso- 
derm, in much the same manner as the more 
caudally situated tracheal rings. Since the 
chick does not have a structure homologous 
to the mammalian thyroid cartilage, it is 
possible that this skeletal component is a 
neural crest derivative. Similarly, trans- 
planted occipital somites ] and 2 formed the 
muscle fibers within intrinsic laryngeal mus- 
cles, and grafts of somites 3-5 labeled extrin- 
sic laryngeal and tongue muscles (see Fig. 
9.13). 


MALFORMATIONS OF THE 
RESPIRATORY SYSTEM 


Laryngotracheal Defects 


Choanal stenosis and atresia are discussed 
in Chapter 9. 

Tracheal hypoplasia or tracheal stenosis 
refers to an abnormal narrowing of the tra- 
chea. This may be focal or, less commonly, 
involve the entire length of the trachea. Al- 
though the tracheal cartilages are usually 
abnormal in these animals, often being fused 
dorsally, it is not known whether this is a 
primary defect in cartilage morphogenesis or 
a secondary result of some abnormality in 
the tracheal epithelium. This condition oc- 
curs more commonly in the English bulldog. 

A collapsed trachea occurs in toy and 
miniature breeds of dogs. The tracheal lu- 


men is partly occluded and the tracheal car- 
tilages are fusiform or flattened rather than 
circular. This may be due to a defect in the 
organic matrix of the tracheal cartilage. Tra- 
cheal atresia, which is a total lack of tracheal 
patency, is rare. 

The signs evident in these situations vary 
according to the extent of occlusion. 
Chronic coughing and wheezing, attacks of 
dyspnea and poor endurance are common 
complaints. Usually palpation and radiog- 
raphy will identify the problem. 

Malformations of the larynx, such as 
subglottic stenosis, have been reported in 
humans and domestic animals. It has been 
suggested that congenital anomalies of the 
larynx, which are thought to be rare, may be 
one of the causes of undiagnosed early post- 
natal mortality. 

Tracheoesophageal fistulas (Fig. 15.6) re- 
sult from improper separation of the caudal 
portion of the laryngotracheal groove from 
the foregut. They are often associated with 
stenosis or atresia of the esophagus. The 
inability to prevent ingesta from entering 
the trachea causes obstruction and infection. 
. Epiglottic entrapment is a condition in 
horses in which the mucosa beneath and 
beside the epiglottis extends over the entire 
margin of the epiglottis and may interfere 
with normal respiration. These have been 
referred to as aryepiglottic folds, but only 
the caudolateral aspect of these mucosal 
folds is equivalent to the laryngoepiglottic 
swellings. A malformed hypoplastic epiglot- 
tis is thought to predispose to this condition. 


Pulmonary Abnormalities 


Accessory lungs result from an extra lung 
bud developing in an abnormal site, such as 
the neck or abdomen. An abnormal out- 
growth from the embryonic cervical trachea 
could develop into pulmonary tissue located 
in the cervical region. This condition is rare. 

Pulmonary hypoplasia results in decreased 
lung development. Pulmonary agenesis or 
aplasia is the absence of lung development 
and is rare. Hypoplasia usually occurs if 
other organs in the thorax physically prevent 
normal lung growth. This often occurs con- 
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Figure 15.6. Tracheoesophageal anomalies. A, atresia of the esophagus and tracheoesophageal 
fistula. B, atresia of the esophagus with fibrous tracheoesophageal connection. C, persistent tracheo- 
esophageal foramen, often accompanied by esophageal stenosis. From Langman J: Medical Embryol- 


ogy, ed. 4. Baltimore, Williams & Wilkins, 1981. 


comitant with a congenital diaphragmatic 
hernia, in which abdominal organs enter the 
thorax. 

Congenital pulmonary cysts can occur in 
the parenchyma of a lung. These result when 
one part of the bronchial tree loses its con- 
nection with the main branch. Continued 
secretion by the endodermal cells lining the 
bronchioles and alveoli results in fluid ac- 
cumulation and enlargement of the cyst. 

Endoderm has the capability of differen- 
tiating into many kinds of epithelial deriva- 
tives. For instance, in the digestive tract it 
can form a stratified squamous epithelium 
as in the esophagus, and a simple columnar 
epithelium with specialized glands as in the 
stomach. Liver and pancreatic parenchymal 
cells are endodermal. Endodermal hetero- 
plasia describes the condition in which the 
epithelial cells differentiate inappropriately 
for their location. For example, the endo- 
derm of bronchial cysts may form intestinal 
epithelium or pancreatic acinar cells. Usu- 
ally such heteroplasias are small and focal, 
and produce no clinical signs. 

The term respiratory distress syndrome 
includes many forms of neonatal breathing 
difficulties. One basis for this condition in- 
volves the inability of alveolar epithelial cells 
to produce enough surfactant to prevent col- 
lapse of the alveoli after their initial disten- 
sion with air. In humans, this cause of the 


syndrome is called hyaline membrane dis- 
ease. There has been only limited investiga- 
tion of this problem in domesticated mam- 
mals. Many premature and small full-term 
animals that do not survive the first few 
hours after birth are believed to be examples 
of this syndrome, but these are usually de- 
stroyed before a thorough examination can 
be made. An autosomal recessive genetic 
basis has been established for a neonatal 
respiratory distress (barker) syndrome in 
pigs. 

In newborn foals with respiratory distress 
the signs manifested are neurologic, result- 
ing from cerebral hypoxia caused by insuf- 
ficient respiratory function. Seizures are 
commonly observed in these foals. Often 
during the onset of a seizure the foal may 
make barking sounds, which is the basis for 
calling this the barker foal syndrome. 

Some cases rapidly progress to coma and 
death; others may slowly recover after pass- 
ing through a period of visual deficit, stupor, 
and aimless wandering. At necropsy large 
portions of the lung are found to have exten- 
sive atelectasis (a = lack of; tel = end; ectasia 
= extension). This appears as collapsed or 
nonexpanded lung tissue that has failed to 
dilate or distend normally. Air injected into 
the atelectatic lung will expand the alveoli 
but they collapse after removal of the air. 
Physical studies on the contents of the partly 
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aerated lung suggest decreased surfactant 
content. In some animals signs of this res- 
piratory syndrome may not appear for 24- 
48 hr postnatally. 

Another pathogenesis that has been pro- 
posed for this neonatal maladjustment syn- 
drome in foals is that an insufficient volume 
of blood circulating in the newborn, which 
prevents normal full expansion of the lung 
and deprives the central nervous system of 
the oxygen it needs to function. It has been 
suggested that this vascular insufficiency re- 
sults from there being a large volume of fetal 
blood left in the placenta at birth, which 
may occur if the umbilical cord is severed 
immediately after delivery. In an unattended 
delivery there is usually a long enough delay 
after delivery before the umbilical vessels are 
separated to allow blood to flow from the 
placenta back into the newborn. Up to 1.5 
liters of blood may be involved in this pla- 
cental loss. 

Chronic bronchitis and rhinitis in young 
dogs can result from a congenital condition 
called the immotile cilia syndrome, in which 
some of the cilia projecting from epithelial 
cells lining the respiratory tract are structur- 
ally abnormal and appear to be randomly 
oriented. This reduces the ability of these 
animals to clear the lungs of mucous and 
particulate material. In some of these cases 
the cilia of spermatozoa have been found to 
be defective, also. 

Approximately half of the animals (and 
humans) with immotile cilia syndrome have 
situs inversus, in which all internal organs 
show a reversed left-right asymmetry. The 
relation between ciliary function and the 
establishment of asymmetry during early 
cleavage and gastrula stages is not under- 
stood. 


SEPARATION OF PLEURAL AND 
PERICARDIAL CAVITIES 


Beginning immediately caudal to the level 
of the laryngotracheal groove, the gut is un- 
derlan and the heart surrounded by a 


Splanchnic mesoderm-lined cavity, part of 


which originally formed in the cardiogenic 


plate prior to head fold formation. This cav- 
ity extends the length of the thoracic and 
abdominal regions, but does not reach the 


. level of the pharynx, cranially. Formation of 


lateral body folds closes the cavity ventrally, 
except at the level of the umbilicus. 

In the adult the parts of this intraem- 
bryonic coelom are identified by the tissues 
they surround (i.e. pleural, pericardial, per- 
itoneal). However, in the embryo all regions 
of the intraembryonic coelom are continu- 
ous. The only partition present is the septum 
transversum, which lies in a transverse plane 
between the sinus venosus and the liver. 
Dorsal to this septum the common pleuro- 
pericardial cavity is continuous with the per- 
itoneal coelom. 

Caudoventral growth of the laryngotra- 
cheal diverticulum and associated meso- 
derm brings the lungs into the dorsal part of 
the body cavity near the level of the septum 
transversum (see Fig. 17.3) and into the 
cranial mediastinum, which in this region 1s 
derived from the dorsal mesocardium. The 
term mediastinum refers to any median par- 
tition, and is most commonly used in refer- 
ence to that within the thoracic cavity. On 
either side of this tissue are the pleural cav- 
ities. The paired lung buds form and grow 
rapidly; as a result of their branching, the 
pulmonary tissue expands caudally and ven- 
trolaterally, partially surrounding the heart. 
The pleural cavities expand dorsally and 
ventrally to accommodate this growth, as- 
shown in Figure 15.7. 

The formation of a pericardial cavity and 
its separation from the pleural cavity is ini- 
tially related to the growth of the common 
cardinal veins. These vessels run along the 
lateral body wall dorsally then pass ventro- 
medially to enter the sinus venosus near the 
level of the septum transversum. The mes- 
enchymal tissue surrounding each common 
cardinal vein is the pleuropericardial fold. 
These folds grow medially and fuse with the 
mediastinum ventral to the esophagus, 
forming a pleuropericardial septum, as 
shown in Figure 15.7. As the lungs grow 
laterally into the body wall, this horizontal 
septum expands laterally. Similarly, as the 
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Figure 15.7. Schematic transverse sections to show the separation of pleural and pericardial 
cavities by the formation of the pleuropericardinal septum, and shaping of the pleural cavity by growth 
of the lungs. Note in C and: D how the pleuropericardial septum envelopes the heart to form the 
pericardium. Redrawn after Patten BM: Embryology of the Pig, ed. 3. Philadelphia, Blakiston, 1948. 


heart descends, the pleuropericardial septum 
becomes elongated craniocaudally. 

With continued lateral and ventral expan- 
sion of the lungs, the sites of attachment of 
the pleuropericardial septum from the lat- 
eral body wall shift progressively towards the 
ventral midline. This results in the heart 
being completely surrounded by a heavy 
sheath, the pericardium, which is continuous 
dorsally with the mediastinum and ventrally 
is attached to the thoracic wall. The cavity 
between the pericardium and the epicar- 
dium, which is the outermost serous lining 
of the heart, is the pericardial cavity. These 
growth changes completely isolate the peri- 
cardial cavity from the common pleuroperi- 
toneal cavity. 


FORMATION OF THE DIAPHRAGM 


The tissues that participate in the forma- 
tion of the diaphragm (Fig. 15.8) are diverse 
in their origins, and include paraxial meso- 
derm, somatic and splanchnic mesodermal 
layers, and the dorsal mesentery of the cau- 
dal part of the esophagus. The ventral com- 
ponent, the septum transversum, develops 
early during cardiogenesis, and later forms 
the central tendon of the diaphragm. The 
second component is the caudal medias- 
tinum, through which the esophagus and 
(right) caudal vena cava pass. This septum, 
sometimes called the dorsal mesentery of the 
esophagus (mesoesophagus), becomes elon- 
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Figure 15.8. Formation of the diaphragm from septum transversum, mesoesophagus (caudal 
mediastinum), pleuroperitoneal folds and body wall mesenchyme. The exact contributions of pleuro- 
peritoneal folds to the central tendon are not known. Schematic transverse sections viewed from a 


caudal perspective. 


gated dorsoventrally as a result of caudodor- 
sal growth of the lungs. Because of this ex- 
pansion, which causes the roof of the pleural 
cavities to elevate on either side of the mid- 
line, the left and right pleuroperitoneal ca- 
nals enlarge dorsally. 

Final closure of the pleuroperitoneal ca- 
nals is accomplished by formation of a pair 
of pleuroperitoneal membranes. These arise 
as folds of tissue that project into the peri- 
toneal cavity from its dorsolateral margin. 
They are continuous caudally with the me- 
sonephroi. Simultaneous with ventrolateral 
expansion of the lungs and enlargement of 


the mesenephroi, these pleuroperitoneal 
folds expand and fuse with the septum trans- 
versum, ventrally, and the caudal medias- 
tinum, medially, to close the pleuroperito- 
neal canals. 

As the thoracic cavity enlarges during later 
stages of fetal growth, tissues of the body 
wall become incorporated into the dia- 
phragm circumferentially. It has been sug- 
gested that most of the lateral and dorsal 
muscular components (pars costalis and 
lumbaris) are derived from this body wall 
tissue. However, the exact contribution of 
body wall to the diaphragm is not known. 
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MALFORMATIONS OF THE 
DIAPHRAGM 


Pleuroperitoneal hiatus defects are clefts 
in the dorsal tendinous part of the dia- 
phragm near the esophagus that are thought 
to represent defective closure of the pleuro- 
peritoneal canals. These are rare but would 
permit herniation of abdominal organs into 
the pleural cavity. 

A pericardioperitioneal communication is 
an abnormal opening between these two 
cavities. It may be associated with a defective 
closure of the midline of the abdominal wall 
near the diaphragm. In dogs and cats there 
is often an abnormal swirling of the hair in 
this region. 

The origin of this congenital diaphrag- 
matic hernia has often been explained erro- 
neously as a direct, persistent connection 
between the peritoneal and pericardial cav- 
ities. However, there is never a natural com- 
munication here to be closed. Therefore, this 
condition has to arise as a secondary phe- 
nomenon in the development of the dia- 
phragm. 

After the liver grows out of the septum 
transversum, the peritoneal cavity extends 
between the liver and septum transversum. 
If this separation is faulty, a gap may occur 
ventrally within the septum, or the remain- 
ing tissue may be so thin that it ruptures, 
allowing the peritoneal and pericardial cav- 
ities to communicate through an opening in 
the ventral part of the diaphragm. This al- 
lows abdominal organs to pass through the 
defect in the diaphragm directly into the 
pericardial cavity, where they may interfere 
with cardiac function, produce signs of 
digestive system abnormality or produce no 
clinical signs except muffled heart sounds. 
Radiography following a barium meal will 
confirm the diagnosis. These defects can be 
surgically repaired. 
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GUT TUBE 


Concomitant with the formation of body 
folds that provide the embryo with lateral 
and ventral body walls, a ventrally located 
tube of endoderm surrounded by splanchnic 
mesoderm is established. In addition to the 
pharynx, this simple tubular structure con- 
sists of the foregut, hindgut and, later, the 
midgut, which remains connected with the 
original extraembryonic yolk sac via the yolk 
stalk. (Table 16.1) These regions of the gut 
approximate the areas supplied by the celiac, 
cranial and caudal mesenteric arteries. 

Histologically the tubular digestive tract 
consists of three tunics. The inner layer is 
the tunica mucosa, which consists of an epi- 
thelium derived from the endoderm and a 
mesodermal connective tissue component. 
The epithelium is the parenchyma of the 
organ. The middle layer is the tunica mus- 
cularis consisting of various layers of muscle, 
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Table 16.1. 
Gut components and derivatives 
Region Components Derivatives 
Foregut Esophagus 
Stomach 
Cranial (descending) Liver 
duodenum Pancreas 
Midgut Caudal duodenum 
Jejunum 
ileum (Yolk stalk) 
Cecum 


Colon (ascending, 
one-half trans- 
verse) 

Hindgut Colon (one-half trans- 
verse, descending) 


Cloaca Rectum 
Bladder 
Allantoic Urachus 


stalk 


most of which are smooth and are derived 
from the splanchnic mesoderm. The outer 
layer is the mesodermal tunica serosa, which 
is formed from the visceral peritoneum. 

Although the gut is initially a hollow tube, 
mariy regions will close during development 
and then re-open. The reason for this tran- 
sient loss of patency is not known, and has 
been suggested as one possible basis for con- 
genital intestinal atresia. 


DEVELOPMENT OF THE FOREGUT 
Esophagus 


The primordium of the esophagus is es- 
tablished during the neurula stage, at which 
time it is located ventral to the first two or 
three somites. This short segment of foregut 
elongates extensively during growth of the 
cervical and thoracic regions of the body. 
Like the pharynx, the cranial part of the 
esophagus is not enveloped by a coelom, but 
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is incorporated in the dorsal wall of the 
pleuroperitoneal cavity. Following growth of 
the lungs, the mediastinum becomes its non- 
muscular supporting tissue, and only at the 
diaphragm is there a short mesoesophagus. 
In domestic animals the esophageal tunica 
muscularis largely differentiates into striated 
muscle. However, in the pig there is a short 
segment near the junction with the stomach 
in which smooth muscle is present. In the 
horse and cat this zone extends along the 
caudal one-third, and in birds the entire 
length is ensheathed with smooth muscle. 


Stomach 


The primordium of the stomach is first 
recognized as an enlargement of the foregut 
cranial to the level of the septum transver- 
sum. Subsequently, the stomach shifts cau- 
dally and undergoes changes in orientation. 
First, the ends of the stomach arch ventrally, 
due largely to differential increase in growth 
of the dorsal wall. As a result, the dorsal 
surface becomes convex and the ventral 
margin concave; these are referred to as the 
greater and lesser curvatures, respectively. 
Later, an expansion of the cranial aspect of 
the greater curvature forms the fundus. 

In animals with a simple stomach two 
rotations occur that bring the stomach to its 
definitive location in the abdomen. The first 
begins shortly after the foregut 1s delineated. 
It is an approximately 90° rotation during 
which the greater curvature shifts to the /eff 
of the animal, as illustrated in Figure 16.1. 

The second 90* rotation occurs around a 
dorsoventral axis; when viewed from a dorsal 
perspective, this shift is in a counterclock- 
wise direction. The caudal end of the stom- 
ach shifts to the right side and cranially; this 
second rotation occurs gradually during the 
fetal and early postnatal period. 

The morphogenesis of the ruminant stom- 
ach is initially similar to that of other mam- 
mals. By the 10- to 12-mm (5th week) stage, 
the bovine stomach has rotated approxi- 
mately 90^, bringing the zone of attachment 
of the dorsal mesentery (dorsal mesogas- 
trium, greater omentum) to the left side, as 
shown in Figure 16.24. Early in the 6th week 


of gestation, the fundus undergoes a marked 
craniodorsal, leftwards enlargement, form- 
ing the primordium of the rumen. A smaller, 
caudoventral outpocketing of the fundus es- 
tablishes the recticulum. By the 28-mm stage 
(Fig. 16.28), the omasum is recognizable 
externally as a swelling of the lesser curva- 
ture, which is located on the right ventral 
surface of the stomach. Internally, the lumen 
of the stomach is subdivided into a large 
fundic canal on the left and gastric canal on 
the right by the formation of ventral and 
dorsal furrows. 

During the 7th week of development (28- 
to 40-mm stages), the bovine stomach ex- 
hibits a change in orientation and differen- 
tial growth of each chamber. The rumen 
shifts caudodorsally, as indicated by the up- 
per arrow in Figure 16.2B. This inverts the 
original dorsal and ventral parts of the ru- 
men. Thus the definitive ventral sac of the 
rumen arises from what was originally the 
(right) dorsal aspect of the fundic outgrowth. 
The blind sacs arise later as caudal out 
growths of the rumen. 

The pyloric region of the abomasum also 
changes in relative position during this pe- 
riod. It shifts first ventrally (/ower arrow, 
Fig. 16.2B), then to the right and, finally, 
loops caudally. The cardiac region of the 
abomasum expands greatly during the sec- 
ond half of gestation, and is the largest gas- 
tric chamber 1n the neonate. 

The external morphogenesis of the retic- 
ulum and omasum are less complicated. The 
former expands to the left and shifts cra- 
nially relative to the rest of the stomach. The 
omasum remains on the right ventral side of 
the stomach. By the 10th week of gestation, 
most morphological features of the adult 
bovine stomach are present, although the 
relative sizes of the chambers are not estab- 
lished until after birth. 


Liver and Gall Bladder 


The liver is a derivative of the embryonic 
gut. It arises as a large ventral outgrowth 
from the region of foregut endoderm that 
will differentiate into the cranial portion of 
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Figure 16.1. Schematic transverse sections illustrating the foregut and mesenteries A, before and 
B, after rotation of the stomach. Compare with Figure 16.5. 
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Figure 16.2. A-D, Development of the bovine stomach. For each of the four stages illustrated both 
a left lateral (upper drawing) and dorsal (lower drawing) are shown. The red line indicates the site of 
attachment of the dorsal mesogastrium. In the dorsal views of C and D the dorsal sac of the rumen 
has been pulled to the left. ES., esophagus; RUM., rumen; RET., reticulum; AB., abomasum; DUOD., 
duodenum; OM., omasum; D. SAC and V. SAC, dorsal and ventral sacs of the rumen. The lines in C 
indicate the levels of sections shown in Figure 16.6. In B, the rumen shifts caudodorsally (upper 
arrow); and the abomasum shifts ventrally (lower arrow). 


296 EMBRYOLOGY OF DOMESTIC ANIMALS 


the duodenum. This hepatic diverticulum 
(Figs. 16.3 and 16.4) grows cranioventrally 
through the mesenchyme of the primitive 
ventral mesentery (ventral mesogastrium) 
and into the adjacent mesoderm of the sep- 
tum transversum. The diverticulum devel- 
ops two outgrowths, a pars hepatica that will 
form the liver parenchyma and a pars cys- 
tica that will form the gall bladder. The latter 
is absent in those species lacking a gall blad- 
der, including the horse and some lab ro- 
dents. 

The endodermal epithelial cells of the pars 
hepatica proliferate extensively, forming 
plates or sheets of cells that differentiate into 
the functional parenchymal cells of the liver, 
the hepatocytes. Other pars hepatica-derived 
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Figure 16.3. Median section of a 5-mm pig embryo. The caudal end of the embryo is twisted to the — 
left and thus does not appear in this plane of section. (From Patten and Carison, 1974.) 


cells give rise to the biliary duct system. 
These include the interlobular ductules most 
closely associated with the parenchymal 
cells, the biliary ductules, and the hepatic 
ducts that leave the liver lobes. The common 
stem of the ventral hepatic diverticulum for 
the pars hepatica and pars cystica becomes 
the bile duct (choledochal duct) that enters 
the cranial duodenum at the site of origin of 
the diverticulum. 

The initial site of origin of the hepatic 
diverticulum is from the ventral side of the 
foregut. As the duodenum differentiates, un- 
equal growth in the wall adjacent to where 
the hepatic diverticulum was located brings 
the origin of the diverticulum, now the en- 
trance of the bile duct (the major duodenal 
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Figure 16.4. Ventral views of the canine foregut illustrating the changes in location of the lobes of 
the pancreas and associated ducts. A was drawn from a 9-mm embryo, D from an adult; B and C 
are intermediate stages. 
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of pancreas 


papilla), to the dorsal surface of the duo- creatic diverticulum arises dorsally from the 
denum. The bile duct courses in the free cranial duodenum, distal to the hepatic di- 
edge of the lesser omentum to this site. verticulum (Fig. 16.3). It grows into the 
The liver is extensively vascularized with primitive dorsal mesentery (mesoduo- 
venous sinusoids adjacent to the plates of denum) and the adjacent dorsal mesogas- 
hepatocytes. These blood vessels arise from trium that will become the deep portion of 
the mesoderm of the septum transversum the greater omentum. Thus it is growing 
and from embryonic vitelline and umbilical from right to left across the dorsal aspect of 
venous channels that coursed through the the abdomen. This forms the left lobe of the 
septum to enter the sinus venosus of the pancreas. 
heart. The endodermal epithelium of this pan- 
creatic diverticulum proliferates and 
branches. At the ends of the smaller 
_ The pancreas forms from two separate branches, clumps of cells form the secretory 
endodermal outpocketings. The dorsal pan- pancreatic acini. The acini and branches 


Pancreas 
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remain patent, forming an exocrine duct 
system. This duct, which enters the duo- 
denum at the site of the origin of the dorsal 
pancreatic diverticulum, is the accessory 
pancreatic duct. It opens into the descending 
duodenum on the minor duodenal papilla. 
Scattered between acini are groups of cells 
derived from the same pancreatic diverticu- 
lum but isolated from the duct system. These 
form the pancreatic islets (Langerhans is- 
lets), which secrete insulin and glucagon. 

The ventral pancreatic diverticulum arises 
from the main stem of the hepatic divertic- 
ulum near its origin, as shown in Figure 
16.4. Thus, it is a derivative of the ventral 
surface of the foregut. However, when the 
hepatic diverticulum becomes repositioned 
onto the dorsal aspect of the duodenum, the 
ventral pancreatic diverticulum goes along 
with it. In that position it grows caudally in 
the mesentery of the duodenum, crossing 
and fusing with the origin of the dorsal pan- 
creatic diverticulum. This forms the right 
lobe of the pancreas, and the duct of the 
ventral pancreatic derivative is the pan- 
creatic duct. It opens into the cranial duo- 
denum on the major duodenal papilla, to- 
gether with or adjacent to the bile duct. 

When these two pancreatic derivatives 
cross, they partially fuse, forming a common 
body at the site of crossing. Their duct sys- 
tems anastomose so that pancreatic secre- 
tions can pass by either the pancreatic or 
accessory pancreatic duct into the duo- 
denum. Species differences occur with re- 
spect to which one of the pancreatic ducts 1s 
present or is the largest, as summarized in 
Table 16.2. In domestic animals the major 
papilla and associated ducts are located cra- 
nial to the minor papilla; this situation is 
reversed in humans. 


Table 16.2. 
Species variation in pancreatic duct retention 


MESENTERIES AND THE GREATER 
OMENTUM 


The embryonic stomach is suspended dor- 
sally and ventrally by mesenteries, the dorsal 
and ventral mesogastriums. As the stomach 
changes in shape and position, these mes- 
enteries maintain their original connection 
with the greater curvature (original dorsal 
border) and lesser curvature. 

Following the leftward rotation of the 
stomach, the dorsal mesogastrium extends 
caudally and to the left, as shown in Figures 
16.1 and 16.5. Subsequently, this mesentery 
expands and becomes folded. The cavity 
formed between its dorsal and ventral sheets 
is the primordium of the omental bursa. 

Beginning in the fetal period and contin- 
uing postnatally, the dorsal mesogastrium 
expands tremendously. It extends caudally 
between the ventral abdominal wall and the 
intestinal mass to the level of the bladder. 
This extended dorsal mesogastrium is the 
greater omentum. In the adult it appears as 
a thin structure, lacelike in appearance be- 
cause of the fat that is found in it associated 
with its many small blood vessels. 

The spleen develops in the superficial por- 
tion of the greater omentum near to the 
stomach, as shown in Figures 16-1, 16.5 and 
16.6. In the dog the left lobe of the pancreas 
expands into the deep portion of the greater 
omentum near the dorsal body wall cranial 
to the transverse colon. 

Initially, the ventral mesogastrium is at- 
tached to the lesser curvature of the stomach 
and extends to the ventral body wall. The 
liver primordium grows caudally between 
the left and right sheaves of this ventral 
mesogastrium, which then becomes the he- 
patic serosa. The short ventral mesogastrium 


Species Pancreatic duct Accessory pancreatic duct 
Dog Small (absent 8%) Large 
Pig-cow Absent Present 
Goat-sheep Present Absent 
Cat Present Absent (80%) 
Horse - Large Small 
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Figure 16.5. The spatial relationships of the foregut and colon in the neonatal ferret. A is a ventral 
view in which the jejunum, ileum and other internal organs have been removed. B and C are transverse 
views at the levels indicated on A. C, which is comparable to Figure 16.6E, shows the root of the 
mesentery and early expansion of the greater omentum; the arrows illustrate the later directions of 
growth of this dorsal mesentery. 
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between the stomach and liver is retained as 
the lesser omentum. 

The ventral mesentery located between 
the liver and ventral body wall persists as 
the falciform ligament. The rest of the ven- 
tral mesentery degenerates except for a short 
segment between the urachus and ventral 
body wall, part of which persists after birth 
as the median ligament of the bladder. 


DEVELOPMENT OF THE INTESTINE 
Intestinal Loop 


After the primordium of the gut tube has 
closed, the intestine is suspended by a dorsal 
mesentery and is relatively straight. The ex- 
ception to this occurs at the site of yolk sac 
attachment, where the gut loops ventrally 
towards and, later, through the umbilicus 
(Fig. 16.74). At this site the dorsal mesen- 
tery is expanded and a large blood vessel 
courses through it. This is the right vitelline 
artery that supplies the yolk sac during its 
period of function and becomes the cranial 
mesenteric artery in the fetus and adult. 


The yolk stalk attachment to the yolk sac .. 


is lost soon after the development of the 
intestinal loop, permitting the loop a consid- 
erable degree of movement within the ab- 
domen. Shortly after the loss of the yolk 
stalk, an evagination occurs in the wall of 
the caudal limb of the loop. This is the 
primordium of the cecum, which demarcates 
the small intestinal portion of the loop from 
the large intestinal portion. 

The segment of foregut immediately cau- 
dal to the stomach forms the descending 
duodenum. During the subsequent changes 
in position of the intestinal loop, this portion 
of the gut tube is held in place on the right 
dorsal aspect of the peritoneal cavity by the 
mesoduodenum. 

Rapid elongation of the small intestine 
causes most of the cranial limb of the loop 
to pass out of the body cavity into the um- 
bilical stalk. This normal embryonic hernia- 
tion of the intestine is illustrated in Figure 
16.8. While the intestinal loop is external- 
ized, the cranial limb continues to elongate. 


This asymmetric expansion of one part of 
the gut causes the loop to rotate around the 
cranial mesenteric artery, with the cranial 
limb of the loop passing caudally and to the 
right of the caudal limb, as shown in Figure 
16.7B. The process continues as the (origi- 
nal) cranial limb expands cranially and to 
the left of the rest of the midgut (Figs 16.7 
C and D). Orienting on the cranial mesen- 
teric artery as the axis of rotation, the intes- 
tinal loop undergoes an approximately 270° 
clockwise rotation, when viewed dorsoven- 
trally. 

The sequence of withdrawal of the loop 
determines the final placement of the intes- 
tines. The cranial limb, which gives rise to 
the ascending duodenum and most of the 
jejunum, returns into the abdomen first. 
During internalization this gut segment 
passes to the left of the median plane and 
pushes the descending colon to the left side. 
The mass of coiled jejunum fills much of 
the ventral abdomen and the distal jejunum 
passes cranially on the right side of the ab- 
domen. 

When the caudal limb withdraws, the 
cecum and ileum pass directly to the right 
side, in front of the cranial mesenteric artery. 
This extends the transverse colon from the 
descending colon at the left colic flexure to 
the right side. After reaching this position, 
the cecum passes caudally a short distance 
on the right of the cranial mesenteric artery. 
This forms the ascending colon and right 
colic flexure. 

During the process of rotation and final 
placement, some parts of the dorsal mesen- 
tery are brought into apposition. When this 
occurs the two apposed layers usually fuse. 
The twisted mesentery that attached the in- 
testine to the dorsal body wall around the 
cranial mesenteric artery is called the root 
of the mesentery (Figs 16.5 and 16.7). 

In man, the smooth muscle of the intes- 
tina] tunica muscularis is well enough de- 
veloped to produce peristaltic contractions 
when the fetus is 6-cm long (11 weeks of 
gestation). The material which accumulates 
in the colon and rectum prior to birth is 
called meconium. It consists of gastrointes- 
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Figure 16.7. A-D, four stages in the development of the intestinal loop of the dog, illustrated 
schematically from a left perspective. Arrows show rotation. The cranial mesenteric artery acts as 
the axis for looping of the gut. Note that the small intestine elongates much more than the large. 
(Redrawn after Horowitz.) 
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tinal glandular secretions, bile, epithelial de- 
bris, and hair that was swallowed. 


Comparative Development of the Colon 
The colon, which is shaped like an in- 


mesenteric 
os verted J in dogs and cats (Fig. 16.9A), has a 
more complicated configuration in the 
Root of larger domestic animals. The comparative 
mesentery. morphology of this structure can be readily 


appreciated if considered from a develop- 
mental standpoint. In all of these larger do- 
mestic animals the locations of the trans- 
verse and descending colons are not signifi- 
cantly different from that seen in the dog. 
The most extensive changes occur in the 
ascending colon and cecum. 

In the dog and cat the ascending colon is 
a short straight tube between the ileum and 
transverse colon on the right side of the 
Figure 16.8. A 16-mm (25 day) feline embryo. dorsal abdomen (Fig. 16.94). Attached to 
Note the presence of the intestinal loop in the the beginning of the ascending colon is a 
umbilical stalk. small, coiled cecum. The ascending colon is 


Dorsal aorta CRANIAL 


Descending colon Celiac artery 


Cranial mesenteric artery 


CAUDAL 


Caudal 
mesenteric 


artery — Ascending 


dog, illustrated 
c artery acts as 
: than the large. 


D nonse 


Figure 16.9. A-D, Schematic representation of the position and morphology of the cecum (dark 
Stipple) and ascending colon, (light stipple) in domesticated animals. (Redrawn after Preuss.) 
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suspended by a short, straight portion of the the general morphology of the equine as- The me 
mesocolon. cending colon would be obtained (Figs. Sal and ve 
If one were to imagine grasping the center 16.9D and 10 A and B). The point where tion of bo 
of the ascending colon, pulling it cranially the colon was grasped becomes the pelvic ure, is sut 
then to the left around the root of the mes- flexure. The two limbs that were stretched the local b 
entery and, finally, stretching it caudally on out become the dorsal and ventral colons, The cecur 
the left side to the level of the pelvic inlet, which are continuous at the pelvic flexure. larges trer 
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Figure 16.10. Development of the intestinal loop and colon in A and B, the horse; and C and D, the 
cow. Schematic left lateral views. (Redrawn after Horowitz.) 


Figure 16.1* 
views. (Redr. 


f the equine as- 
obtained (Figs. 
[The point where 
omes the pelvic 
t were stretched 
1 ventral colons, 
: pelvic flexure. 


jejunum 


sand C and D, the 


DIGESTIVE SYSTEM 305 


The mesocolon remains between the dor- 
sal and ventral colons. As a result, this por- 
tion of bowel, especially near the pelvic flex- 
ure, is subject to volvulus that compresses 
the local blood supply and may cause colic. 
The cecum remains on the right side, en- 
larges tremendously, and its apex extends 
cranioventrally on the abdominal wall. 

In ruminant species the center of the as- 
cending colon expands caudally around the 
root of the mesentery (Fig. 16.10C), then 
cranially on the left side and, finally, coils 
like a rope on the left side of the mesentery 
to produce the adult arrangement (Fig. 
16.10D). The cecum is straight and dilated. 
It is located on the right side of the dorsal 
abdomen with its blind end caudally. 

The same process establishes the mor- 
phology of the ascending colon of the pig, 
except that the coiled portion is shaped like 
a pyramid with its base on the left side of 
the mesentery, as shown in Figure 16.11. 
The cecum is straight and dilated, but has 
been pulled with the ascending colon to the 
left side of the dorsal abdomen. 


SUBDIVISION OF THE CLOACA 


The caudal portion of the embryonic : 


hindgut is called the cloaca, and it serves as 
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a common terminus for the urinary and 
digestive systems. The allantoic stalk, a ven- 
tral diverticulum of the hindgut, extends 
cranially and passes through the umbilicus 
and into the extraembryonic coelom where 
it participates in fetal membrane formation. 
The cloaca is bounded caudally by the 
cloacal membrane, which is a septum formed 
by the apposition and fusion of hindgut 
endoderm and surface ectoderm. The mes- 
enchyme surrounding the cloacal membrane 
expands, so that the membrane comes to lie 
in a shallow depression called the procto- 
deum, shown in Figure 16.124. Mesonephric 
(urinary) ducts enter the cloaca laterally. 
The hindgut and allantois are surrounded 
by splanchnic mesoderm. The hindgut is 
suspended dorsally by a dorsal mesentery, 
and the allantois is attached ventrally to the 
abdominal wall by a fold of splanchnic mes- 
oderm. There is no mesenteric attachment 
between the hindgut and allantois. 
Beginning at the junction of hindgut and 
allantois, the endoderm and surrounding 
mesenchyme thicken, forming the urorectal 
septum. This septum grows caudally, sepa- 


rating the cloaca into two chambers (Fig. 


16.12 B and C). The dorsal chamber, which 
is continuous with the rest of the gut, is the 


Descending 
colon 


Ascending 
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Figure 16.11. A-C, development of the intestinal loop and colon in the pig. Schematic left lateral 


views. (Redrawn after Horowitz.) 
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Figure 16.12. A-C, formation of the hindgut, 
and separation of the cloaca into urogenital sinus 
and rectum. Arrow indicates movement of the 
urorectal septum. 


primordium of the rectum and part of the 
anal canal. The ventral chamber, continuous 
with the allantois and mesonephric ducts, is 
the urogenital sinus. 

This separation continues until the uro- 
rectal septum contacts the cloacal mem- 
brane, dividing it into a dorsal anal mem- 
brane and a ventral urogenital membrane. 
The tissue between these two thin plates is 
the perineal body, the external surface of 
which will become the perineum. The anal 
membrane lies in a depression (anal pit). 
When this membrane degenerates, a patent 
anal canal is formed. It is lined with endod- 
erm cranially and ectoderm caudally. 

The proximal part of the allantois, to- 


gether with the adjacent cranial portion of 
the urogenital sinus, enlarge to form the 
bladder. The remainder of the allantois ex- 
tending from the apex of the bladder to the 
umbilicus is called the urachus. It is patent 
in the embryo, allowing urinary excretions 
to pass into the lumen of the allantois. The 
fold of peritoneum that attaches the bladder 
and urachus to the ventral body wall is the 
median ligament of the bladder. In the em- 
bryo and fetus it also contains the two um- 
bilical arteries. After birth the urachus and 
umbilical arteries collapse and slowly degen- 
erate in the free edge of the median ligament 
of the bladder. 


MALFORMATIONS OF THE INTESTINAL 
TRACT 


Stenosis and Atresia 


The most common congenital malforma- 
tions of the gut are local narrowing (stenosis) 
or closure (atresia) of the lumen of the gut. 
These can occur at any part of the gut, and 
while usually singular, are occasionally 
found in several locations in the same ani- 
mal. 

As was shown in Figure 15.4, esophageal 
stenosis or atresia can occur singly or asso- 
ciated with a tracheoesophageal fistula. Oc- 
casionally hydrops of the amnion accom- 
panies this malformation. Hypoplasia of the 
esophageal wall may cause a focal weakness; 
also, an abnormal evagination of the wall, 
an esophageal diverticulum, may occur. 

The various forms of intestinal stenosis 
and atresia are illustrated in Figure 16.13. 
There is considerable debate concerning the 
cause(s) of these conditions. Failure of the 
gut to initially form a continuous tube is an 
unlikely explanation, since the closure of 
each segment of the gut is dependent upon 
the preceding closure of the adjacent seg- 
ment. Thus, a failure at this initial stage 
would create a large visceral schisis. 

The most frequently given explanation is 
that small regions of the gut either fail to 
become vascularized or the vessels degener- 
ate early in development. The avascular seg- 
ments of gut become hypoplastic or com- 
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pletely degenerate, depending upon the se- 
verity of the vascular deficit. Support for this 
hypothesis comes from studies in which in- 
testinal atresia can be produced by experi- 
mentally disrupting the mesenteric arteries. 

Similar conditions would result if the in- 
testine failed to reestablish patency after the 
transient stage of luminal occlusion. Alter- 
natively, local abnormalities in the prolifer- 
ation or cytodifferentiation of the muscular 
tunic could create a stenotic situation. This 
would be especially deleterious if the situa- 
tion arose during the period of maximal gut 
tube elongation. 

Intestinal atresia occurs with greater fre- 
quency at particular locations in different 
domestic animals, as summarized in Table 
16.3. Intestinal atresia is found only in the 
colon in kittens and foals, and in the small 
intestine and rectum in puppies. Among the 
domestic animals, it is most prevalent in 


Dorsal mesentery 


Gut wall 
Gut lumen 


Figure 16.13. Schematic median views of A, 
normal; B and C, stenotic; and D and E, atretic 
sections of the gut. 


calves and can occur either in the jejunum, 
the colon or the rectum. 

An atresia of the coiled portion of the 
ascending colon has been reported in calves 
and unfortunately has been erroneously 
termed “duocecum.” This is because the 
proximal stump of the ascending colon, up 
to the level of the atresia, is dilated from the 
obstructed contents and it appears the same 
shape as the normal cecum. These animals 
die 2-5 days after birth. 

An hereditary-recessive cause of intestinal 
atresia has been reported in the jejunum of 
Jersey cattle and the ileum of Swedish High- 
land cattle. An hereditary-recessive cause of 
atresia of the ascending colon at the pelvic 
flexure has been reported in Percheron 
horses. 


Atresia Ani 


Atresia ani, more commonly called im- 
perforate anus, is the failure of the anal 
membrane to break down and remain pat- 
ent. In these animals the rectum is intact 
and attached to the membrane. Atresia ani 
is most frequently encountered in calves and 
pigs. If the rectum ends blindly as a cul-de- 
sac a short distance cranial to the anal mem- 
brane, the condition is called rectal atresia. 


Urorectal Fistual 


Often associated with the above defects is 
an abnormality in the development of the 
urorectal septum that permits communica- 
tion between the rectum (or descending co- 
lon) and a derivative of the urogential sinus. 
These are collectively called urorectal fistu- 


Table 16.3. 
Intestinal atresia and stenosis in domestic animals?” 
Region Dog Cow Lamb Pig Cat Foal 
Duodenum a 
Jejunum S. A,s a a 
lleum a a a 
Colon A a,s a A,s A 
Rectum a A a A a a 


* Data from Van der Gaag and Tibboel, 1980. 


? A, atresia, frequent; a, atresia, uncommon; and s, stenosis, uncommon. 
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las, but more specifically may be named for 
the exact site of the communication, such 
as: 


Rectovesicular fistula—connection to the blad- 
der 

Rectovestibular fistula—connection to the ves- 
tibule 

Rectourethral fistula—connection to the ure- 
thra 


If the fistula is large, fecal excretions may 
pass through the urogenital system. The 
urachus frequently remains patent in these 
animals. While individuals, especially fe- 
males, with a urorectal fistula may survive 
for long periods, secondary infections due to 
the presence of fecal material in the vestibule 
or urethra are common. However, these an- 
imals often have atresia ani, in which case 
the situation becomes critical within a few 
days of birth. 


Situs Inversus 


Situs inversus is a malformation in which 
all the body organs develop opposite to their 
normal position, forming a “mirror-image” 
of normal. This usually involves both tho- 
racic and abdominal organs. For example, 
the pylorus would be on the left, the de- 
scending duodenum on the left, the cecum 
and ascending colon on ‘the left, and the 
descending colon on the right. This malfor- 
mation is completely compatible with nor- 
mal function. Occasionally these animals 
will also have a condition called the immo- 
tile cilia syndrome, in which cilia on epithe- 
lial cells lining the respiratory and upper 
digestive tracts do not move normally. This 
often leads to respiratory infection. 


Umbilical Anomalies 


The yolk stalk may persist from the distal 
jejunum to the umbilicus as a fibrous cord 
(Fig. 16.144) or as a patent vitellointestinal 
duct. The latter is called an umbilical fistula, 
and it allows direct communication from 
the intestine to the surface of the body. 

Remnants of the yolk stalk at its normal 
attachment to the intestine are common. 


Occasionally the bowel is evaginated at this 
site, producing a diverticulum (Meckel’s di- 
verticulum). In horses, parts of the distal left 
vitelline artery and associated mesenteric 
folds may persist, in addition to those nor- 
mally found on the right side (cranial mes- 
enteric artery). These mesodiverticular 
bands (Fig. 16.14B) surround the small in- 
testine at the former site of yolk stalk attach- 
ment. Usually their presence is an incidental 
finding at necropsy. Occasionally, part of 
the small intestine will pass through a tear 
or fold in this mesentery, which may pro- 
duce sufficient constriction or twisting of the 
gut to obstruct the passage of digesta. 

Normally the urachus closes and degen- 
erates along the border of the median liga- 
ment of the bladder. If it remains open, this 
is a patent urachus or urachal fistula and 
urine will be excreted from this tube 
at the umbilicus. This is a source of infection 
for the bladder. Persistence of only the distal 
end of the intraembryonic allantoic stalk at 
the umbilicus creates a urachal umbilical 
sinus. Persistence of the proximal urachus 
at its union with the bladder creates a diver- 
ticulum that may be a site of chronic cystitis. 

An umbilical hernia is a defect in the 
muscular wall around the umbilicus that 
allows abdominal organs to protrude 
through the umbilicus under the skin. In 
dogs and cats it is usually the small intestine 
that herniates; in calves it is the abomasum. 
This common abnormality may in some 
instances be inherited. 

An omphalocele (Fig. 16.15) is a hernia 
that occurs in the embryo in which the ab- 
dominal contents protrude through the um- 
bilicus, and remain within the umbilical 
stalk, and are therefore covered by the am- 
nion. This probably results from a failure of 
normal withdrawal of the developing intes- 
tinal loop. A complete absence of the ventral 
abdominal wall results in externalization of 
the viscera, a condition inappropriately 
called gastroschisis. This is most prevalent 
in cats. 

Nonrotation of the intestine occurs if, dur- 
ing the process of being brought back into 
the abdominal cavity, the intestinal loop 
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Dorsal mesentery 


Small intestine 


Diverticulum 
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Figure 16.14. Anomalies of the midgut associated with the yolk stalk. In A, part of the stalk remains 
patent as a diverticulum; in some cases this remains attached to the umbilical site by a fibrous cord, 
as shown. Cysts may be present in this cord. B shows a persistent left distal vitelline artery and 
associated left sheet of the mesentery, which has formed a mesodiverticular band. 
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Figure 16.15. An omphalocele in a newborn kitten, shown radiographically. This animal also had 


bilateral thoracic ectromelia. 


fails to undergo its 270° rotation. Often this 
will result in a volvulus, which is an acute 
twisting of a segment of gut around its mes- 
entery. 


Neuromuscular Disorders of the Gut 


Neuromuscular disorders of the esopha- 
gus and intestine may present many of the 
same clinical signs as stenosis. Most of these 
are called achalasia, which means a lack of 
relaxation of the gut wall. 

Colonic achalasia is a failure of a segment 
of the descending colon to relax and dilate. 
As discussed in Chapter 7, this is caused by 
a congenital lack of enteric neurons in the 
myenteric plexus of that segment of bowel. 
Feces accumulate cranial to the constricted 
area, and cause the colon to dilate (mega- 
colon). 

A neuromuscular esophageal disorder oc- 
curs occasionally in dogs and less often in 
cats. The defect probably involves the esoph- 
ageal neuromuscular plexus that controls the 
normal sequence of peristaltic contraction 
during swallowing. The lack of normal 
esophageal peristalsis results in a failure of 
the functional sphincter at the gastroesoph- 
ageal junction to relax (esophageal achala- 
sia). As a consequence, food fails to pass into 
the stomach and accumulates cranial to this 
junction in the caudal esophagus. This 
causes stretching of the esophageal wall and 
a dilation of the lumen termed megaesoph- 


agus. 


Megaesophagus may also be a manifesta- 
tion of defects in the preganglionic vagal 
parasympathetic neurons. This has been 
suggested because experimental bilateral va- 
gotomy causes signs similar to this condi- 
tion. Studies of brain stem nuclei in one 
affected dog revealed a decreased number of 
neuronal cell bodies in the motor nucleus 
(nucleus ambiguus) whose axons innervate 
the striated esophageal muscle via branches 
of the vagus nerve. 

There is a breed predilection for this dis- 
ease, which, in some instances, has occurred 
in an hereditary pattern. The breeds most 
commonly affected include German Shep- 
herds, Wirehaired Fox Terriers, Miniature 
Schnauzers, German Short-Haired Pointers, 
and Dachshunds. The disease is usually con- 
genital, with signs occurring in the puppy. 
However, a similar but acquired disease can 
occur in older dogs. As a rule, while the 
puppy is on a liquid diet no signs of the 
problem occur because the liquid can pass 
through the gastroesophageal junction. 
When solid food is consumed at weaning, 
regurgitation commonly occurs, associated 
with eating or shortly thereafter. The vomi- 
tus is undigested, having failed to reach the 
stomach. 

Radiographs following consumption of 
barium sulfate reveal a dilated esophagus 
cranial to the diaphgram and a narrow ter- 
minal segment. Functional studies may fur- 
ther reveal the neuromuscular deficiency. 
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Many treatments have been tried with 
variable success. These include surgical pro- 
cedures to cause relaxation of the gastro- 
esophageal junction and feeding of these 
dogs in an upright position. 


Heterotopic Tissues 


Heterotopic pancreatic tissue develops 
from endodermal epithelial cells that differ- 
entiate inappropriately for the organ in 
which they are located. These are most often 
associated with the area of origin of the 
pancreatic diverticulae. Pancreatic acini 
most commonly are found in the duodenal 
submucosa in the area of the pancreatic 
ducts, or are mixed in with the duodenal 
glands in the duodenal mucosa. Occasion- 
ally they occur in the gall bladder mucosa. 
They do not cause clinical signs. 
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The urogenital system is derived from the 
nonsegmented intermediate mesoderm 
(nephrogenic plate) and the adjacent meso- 
dermal coelomic epithelium. The early pro- 
liferation and development of this meso- 
derm produces a longitudinal swelling along 
the dorsolateral aspect of the abdomen. This 
is referred to as the urogenital ridge. 


URINARY SYSTEM 


The classical, evolutionary approach to 
the development of the urinary system is to 
consider the formation of three “kidneys,” 
the pronephros, mesonephros, and meta- 
nephros, which develop in sequence from 
cranial to caudal along this urogenital ridge. 
Another approach is to consider the devel- 
oping nephric system as one kidney, a ho- 
lonephros, of which the cranial portions 
form first and degenerate during fetal devel- 
opment. To relate better to published liter- 
ature, the classical approach will be consid- 
ered. 

The pronephros is rudimentary in mam- 
mals. Seven or eight pairs of pronephric 
tubules form briefly at the level of somites 
7-14 (Fig. 17.1). In the intermediate meso- 
derm of this same region a duct develops 


and grows caudally to the cloaca. Because of 
its time of origin and relationship to these 
tubules this 1s called the pronephric duct. 

In most domestic animals the pronephric 
tubules are nonfunctional and do not estab- 
lish patent connections with the duct. The 
exception occurs in sheep, in which the tu- 
bules are well developed and connect to the 
longitudinal duct. Caudal to this, at approx- 
imately the level of somites 9 through 26, 
70-80 pairs of mesonephric tubules develop 
(Fig. 17.2; see also Figs. 18.3-5). These are 
apposed on one end to a blood vessel and 
on the other they connect into a caudal 
extension of the pronephric duct, which is 
now called the mesonephric duct. The for- 
mation of mesonephric tubules, most of 
which are functional in the fetus, is initiated 
by the presence of the pronephric duct. 

A rich vascular plexus forms within the 
mesonephros. This is composed of numer- 
ous lateral branches from the dorsal aorta as 
well as anastomotic branches of the caudal, 
supra- and subcardinal veins. 

The size of the mesonephros is correlated 
with the type of placenta. It is smallest in 
carnivores (Fig. 17.3) and man, (endothelio- 
and hemochorial), largest in pigs (epitheli- 
ochorial) and intermediate in sheep. In 
many of these domestic animals the meso- 
nephros takes up so much room in the ab- 
domen that it is partly responsible for the 
normal herniation of the growing intestinal 
loop. 

Soon after their formation, most of the 
mesonephric tubules degenerate. This atro- 
phy occurs craniocaudally, leaving only the 
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Figure 17.1. Paramedian section of a 9.5-mm calf embryo illustrating the locations of the pronephros 
and mesonephros. Note the vascular plexus associated with the mesonephric tubules. 
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Figure 17.2. Transverse section at the cranial thoracic level of a 6-mm cat embryo. The mesonephric 
tubules at this level are transient and do not develop as fully as their more caudal counterparts. 
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Figure 17.3. The urogenital organs in a 16-mm canine embryo. A, cross section through the cranial 
pole of the metanephric kidney and the genital tubercle. B, paramedian section through the right 
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caudal '% to function for awhile. Degenera- 
tion of the cranial part of the mesonephros 
occurs between 4 and 8 weeks in man, 
around 8-9 weeks in the horse, and 10 weeks 
in cattle. 

Development of the metanephros begins 
at the level of somites 26 through 28 when 
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the embryo is 6-7 mm in length. It appears 
as an evagination from the caudal end of the 
mesonephric duct (Fig. 17.4); this is called 
the metanephric diverticulum (ureteric bud). 
The diverticulum grows craniodorsally into 
the overlying caudal intermediate mesoderm 
which is proliferating and aggregating to 
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Figure 17.4. Schematic lateral views showing the formation of the metanephric diverticulum and 
subsequent partial incorporation of the mesonephric and metanephric ducts into the urogenital sinus. 


316 EMBRYOLOGY OF DOMESTIC ANIMALS 


form the metanephrogenic mass. As the di- 
verticulum grows towards this mass, its dis- 
tal end dilates to form the pelvis. 

The subsequent morphogenesis of the 
metanephric diverticulum varies depending 
upon the species (Fig. 17.5). However, in all 
species the smallest, termina! branches are 
collecting tubules. Urine passes from neph- 
rons into these tubules, and from there into 
larger papillary ducts. 

As the collecting tubules form, each causes 
the adjacent metanephric mesoderm to co- 
alesce into a solid cluster which then hollows 
to form a renal vesicle. The vesicle elongates 
into a tube that progressively grows in length 
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and forms metanephric tubules (Fig. 17.6). 
The aggregation of these metanephrogenic 
mesenchymal cells to form epithelial tubules 
is dependent upon their producing a specific 
glycoprotein component in the basement 
membrane. This material may be responsi- 
ble for the increased cellular adhesiveness 
critical to tubule formation. 

The morphogenesis of the metanephric 
kidney requires reciprocal inductive inter- 
actions between both components. The 
ureteric bud will not undergo branching in 
the absence of metanephric mesenchyme, 
similar to situations described earlier for 
lung and pancreas (Chapters 15 and 16) 
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Figure 17.5. A-C, branching of the distal part of the metanephric diverticulum in the developing pig. 
D-F, schematic representation of the branching patterns in bovine, equine and carnivore kidneys. 
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The papillary ducts have been drawn disproportionately larger than they actually are. 
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Figure 17.6. Schematic representation of the formation of the nephron from metanephrogenic 
mesenchyme and its fusion with the collecting duct, which is derived from the metanephric divertic- 
ulum. The epithelia will degenerate at the site where metanephric and collecting tubules are in contact. 
D and E illustrate early stages in the formation of the convoluted tubules and glomeruli. Redrawn 
after Langman J: Medical Embryology, ed. 4. Baltimore, Williams & Wilkins, 1981. 


primordia. In addition, the transformation 
of metanephric mesenchymal cells into epi- 
thelial tubules is dependent upon the pres- 
ence of the ureteric bud. 

After attaining a certain length, one end 
of each metanephric tubule attaches to a 
collecting tubule. The other end of the 
metanephric tubule widens and invaginates 
to form a cup-shaped structure, the glomer- 
ular capsule. This cup is invaded by a pro- 
liferating plexus of blood vessels. The capil- 
lary plexus is called a glomerulus, and the 
entire structure is the renal corpuscle. Con- 
tinued growth of the tubule will form the 
definitive segments of the secretory tubule 
between the glomerulus and the collecting 
duct (Fig. 17.6 D and E). 

The mature nephron includes the glomer- 


ular capsule and the secretory tubule. Neph- 
rons are organized so that the renal corpus- 
cles are located in the outer, cortical portion 
of the kidney, and the elongated loops of the 
nephron extend centrally to form the inner, 
medullary portion of the kidney. 

The first renal corpuscles to form are lo- 
cated at the corticomedullary junction, and 
many of these early formed nephrons degen- 
erate during later fetal stages. Collecting tu- 
bules elongate and new nephrons are in- 
duced to form at progressively more super- 
ficial levels throughout fetal development. 
Nephrogenesis ceases by birth or shortly 
thereafter depending on the species. New 
nephrons continue to arise in the first few 
weeks after birth in the dog. It is estimated 
that about 200,000 nephrons form in the 
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feline kidney, 300,000—500,000 in the dog, 
and 1.5-4 million in the pig and ox. 

The lack of ability to regenerate new neph- 
rons is an important consideration in kidney 
disease. Following destruction of a popula- 
tion of nephrons, none of these can be re- 
placed. The remaining nephrons attempt to 
compensate for the increased load by phys- 
iological adjustments as well as by increasing 
their size. The number of existing nephrons 
does not change. 

The variations in macroscopic anatomy 
seen in kidneys of different mammals (Fig. 
17.5) result from differences in the branch- 
ing of the metanephric diverticulum and 
arrangement of nephrons associated with 
these branches. The bovine kidney has 12- 
25 separate lobes; the papillary ducts within 
each lobe drain into a calyx, which opens 
into a branch of the ureter. 

The cortical region of the porcine kidney 
is not lobated, but the medulla is subdivided 
into renal papillae. Each of these papillae 
consists of nephric loops and the collecting 
tubules and ducts that empty into terminal 
branches of a minor (secondary) calyx (Fig. 
17.5C). In horses, small ruminants and car- 
nivores there are no calyces, and the papil- 
lary ducts drain directly into a common 
chamber. In the horse the renal pelvis is 
elongated, with two long, thin-walled proc- 
esses called terminal recesses in which urine 
is collected. 

In the dog, all of the collecting ducts enter 
the renal pelvis along a ridge in the roof of 
the pelvis called the renal crest. The recesses 
present in the canine kidney (Fig. 17.5F) do 
not serve to collect urine, but do segregate 
the medullary region into wedge-shaped re- 
gions called renal pyramids. 

The metanephric kidney forms initially in 
the pelvic region of the embryo. It ascends a 
short distance relative to the extensive 
growth and elongation of the caudal aspect 
of the fetus, becoming situated ventral to the 
cranial lumbar vertebrae in most species. 
The ureter elongates commensurate with 
this growth of the fetus. 

The metanephric kidneys are functional 
in the fetus. One evidence for this is that if 


a ureter is stenotic or atretic, the kidney it 
drains becomes swollen and hydronephrotic. 
This is due to the distention of the collecting 
system by execreted urine. However, this 
function is not critical to the fetus, as indi- 
cated by the birth of animals lacking kidneys 
(renal aplasia). Apparently the placenta can 
adequately function for the exchange of 
waste products normally eliminated from 
the body by the kidney. Without kidney 
function, the animal cannot survive after 
birth. 


UROGENITAL SINUS 


Subdivision of the cloaca by the urorectal 
fold and septum into the rectum and the 
urogenital sinus was described with the 
digestive system (Chapter 16). Following the 
degeneration of the urogenital membrane, 
the urogenital sinus opens caudally into the 
amniotic cavity via the urogenital orifice and 
cranially into the allantoic cavity via the 
urachus and allantoic stalk. For develop- 
mental considerations the urogenital sinus 
is divided into pelvic (cranial) and phallic 
(caudal) regions. 

The bladder develops from the proximal 
urachus and the cranial part of the pelvic 
region of the urogenital sinus. The meso- 
nephric duct enters the pelvic part of the 
urogenital sinus, and the metanephric diver- 
ticulum develops as a branch of the duct 
close to its junction with the wall of the 
sinus. With growth and expansion of the 
sinus, the caudal segment of the mesoneph- 
ric duct and part of the metanephric diver- 
ticulum are incorporated into the dorsal wall 
of the developing neck of the bladder. As 
shown in Figure 17.4, this results in the 
establishment of separate openings for the 
mesonephric duct and ureter on each side. 
Subsequently these orifices shift position so 
that the ureter opens cranially in the neck 
of the developing bladder and the entrance 
of the mesonephric duct is located caudally 
in the pelvic part of the urogenital sinus, 
which will form the cranial urethra. In the 
male the mesonephric duct becomes the duc- 
tus deferens. 
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The dorsal wall of the neck of the bladder 
and the cranial urethra form the trigone, 
which represents the region of mesonephric 
and metanephric duct incorporation. The 
base of the trigone is delineated cranially by 
the entrance of the ureters. The apex is 
located at the site of the entrance of the 
ductus deferens on either side of a small 
swelling, the urethral crest. 

In the female the urethra is derived from 
the cranial part of the pelvic urogenital sinus 
and the remainder of the sinus becomes the 
vestibule. The vagina and uterus develop 
from a separate set of ducts discussed in 
Chapter 18. In the male the entire urogenital 
sinus contributes to the formation of the 
urethra. The pelvic urethra is derived from 
the pelvic part of the sinus, and the spongy 
urethra found in the penis is from the phallic 
part of the sinus. 


MALFORMATIONS OF THE 
URINARY SYSTEM 


Agenesis of the kidneys can be bilateral 
or unilateral. Bilateral agenesis is lethal. In 
unilateral agenesis the opposite kidney un- 
dergoes compensatory hypertrophy. It is 
common for genital system anomalies to be 
associated with renal agenesis. In the female 
there is often an ipsilateral uterine aplasia 
(see Chapter 18). 

Renal dysplasia includes a wide range of 
abnormal development of nephrons and col- 
lecting ducts, and is often associated with 
the formation of cysts. The reduced kidney 
function may be initially manifest as a skel- 
etal defect directly caused by an endocrine 
imbalance. The kidney lesion causes reten- 
tion of phosphorus in the blood, and the 
body adjusts by eliminating calcium through 
the intestine. The hypocalcemia stimulates 
parathyroid hormone secretion which acts 
by mobilizing calcium from bone. The latter 
causes bones to become soft. This condition, 
which is called osteodystrophy fibrosa sec- 
ondary to renal hyperparathyroidism is usu- 
ally most apparent in the mandible. 

Renal cortical hypoplasia has been re- 
ported as a possible hereditary condition in 


Cocker Spaniels. The congenital kidney ab- 
normality induces secondary renal hyper- 
parathyroidism which in turn induces a fi- 
brosis of the kidney further compromising 
its already insufficient function. Renal dys- 
plasia is probably familial in Norwegian Elk- 
hounds and there is a high incidence in the 
Samoyed, Keeshond, and Bedlington Ter- 
rier. 

Hypoplasia of a portion of the ureteric 
bud or abnormal differentiation of its lumen 
causes stenosis of the ureter and secondary 
hydronephrosis. 

The cause of polycystic kidneys is not 
clearly understood. One suggestion 1s that it 
represents failure of nephrons to join the 
collecting ducts. Urine is formed and re- 
tained in the nephron, which dilates and 
becomes cystic. 

Ectopic kidneys consist of either a pelvic 
kidney that fails to ascend normally or a 
horseshoe kidney, which represents two kid- 
neys that fused at their origin in the pelvic 
region and fail to ascend due to the presence 
of the caudal mesenteric artery and, possi- 
bly, the mesonephric ducts. Supernumerary 
kidneys result from an extra or branched 
(bifid) metanephric diverticulum in the em- 
bryo. The kidney tissue that develops in 
association with the extra ureteric bud may 
be fused with or separate from the normal 
kidney. 

Ectopic ureters occur in all domestic ani- 
mals but are most common in dogs. This 
condition most commonly presents a clini- 
cal problem in the female whenever a ureter 
enters the urethra distal to the sphincter 
located in the neck of the bladder and prox- 
imal urethra. There is nothing to prevent 
the continual slow dripping of urine from 
the vulva. 

This is a common cause of congenital 
incontinence, which is the loss of voluntary 
control of micturition. In some cases the 
ectopic ureter can be located using endos- 
copy of the genital tract. Frequently this 
condition is confirmed by radiographic 
urography following injection via either the 
intravenous route or into the suspected ec- 
topic ureter. Phenol red dye injected intra- 


320 EMBRYOLOGY OF DOMESTIC ANIMALS 


venously will be excreted in the urine and 
may help visualize the ectopic ureter. In 
many cases the ectopic ureters can be surgi- 
cally corrected. 

Other malformations of the urinary or 
genital system may accompany this defect. 
Hydroureter and hydronephrosis are the 
most common. A high risk for ectopic ure- 
ters exists in the Siberian Husky, West High- 
land White Terrier, Fox Terrier and Minia- 
ture and Toy Poodles. 

A common cloaca results from failure of 
the urorectal septum to develop. This has 
been seen in the Manx cat in conjunction 
with absence of caudal vertebrae (Fig. 17.7). 

An inherited malformation called recto- 
vaginal constriction occurs in Jersey cattle. 
This autosomal recessive condition is due to 
the presence of fibrous bands that circum- 
scribe the anorectal junction and the vesti- 
bule. The resulting anovestibular stenosis 
makes rectal examination difficult and 
causes dystocia. 

A vesicourachal diverticulum occurs most 
commonly in dogs and often leads to 
chronic bladder infection. The diverticulum 
results from failure of the urachus to close 

and separate from the apex of the bladder. 
Other congenital malformations involving 
the urachus or the urorectal septum are pre- 
sented in Chapter 16. 


Figure 17.7. Persistent cloaca in a Manx cat. A is a caudal view illustrating the appearance of a 
single cloacal orifice (arrow) and absence of a tail. B is a radiograph of same animal following injection 
of contrast medium into the cloaca. Radiopaque material is visible in the colon (black arrow), urethra 


(white arrow) and bladder (BI). 


ADRENAL GLAND 


The adrenal gland develops in the inter- 
mediate mesoderm at the cranial pole of the 
mesonephric kidney. The adrenal medulla is 
ectodermal in origin, being formed by cells 
derived from the neural crest (see Chapter 
T). The adrenal cortex is derived from the 
surrounding intermediate mesoderm. The 
initial proliferation of intermediate meso- 
derm causes a bulge medially into the ab- 
dominal cavity. This is the transient fetal 
adrenal cortex that surrounds the neuroec- 
todermal cells of the medulla. A second 
mantle of intermediate mesoderm prolifer- 
ates and surrounds the first. This is the per- 
manent cortex, which replaces the fetal cor- 
tex postnatally. The function of the provi- 
sional fetal cortex is unknown. In the dog 
the fetal cortex is absent at birth. 

At birth the weight of the adrenal gland is 
^ that of the kidney, but in the adult it is 
only '4s the weight of the kidney. 

Malformations consist mostly of ectopias 
or accessory adrenal cortices. These are usu- 
ally found near the adrenal, kidney, or go- 
nad. Because the male gonad is derived from 
intermediate mesoderm medial to the me- 
sonephros near the developing adrenal and 
descends into the scrotum, it may pull ec- 
topic or accessory adrenal cortical tissue 
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with it. This accounts for the presence of 
adrenal cortical tissue in the spermatic cord 
of horses. 
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The internal organs of reproduction, in- 
cluding the gonads, arise together with ex- 
cretory structures from intermediate meso- 
derm. The primordia of both male and fe- 
male reproductive structures develop in all 
embryos. The time when both sets of pri- 
mordia are present is called the indifferent 
stage of organogenesis; this occurs during 
the 4th week of gestation in the dog, the 6th 
in cattle (Table 18.1). Shortly thereafter gen- 
der-specific characteristics develop, usually 
accompanied by degeneration of the inap- 
propriate structures. This chapter describes 
the morphogenesis of internal and external 
organs of reproduction; the following chap- 
ter will discuss the hormonal control of this 
process. 


GERM CELLS 


Primary germ cells do not arise within the 
gonadal precursors, but rather are formed 


elsewhere and secondarily invade the pre- 
sumptive gonads. In birds these cells are first 
seen at about 18 hr of incubation in the 
germinal crescent, which is located in front 
of the rostral tip of the embryo (Fig. 18.1). 
These large, glycogen-rich cells are formed 
from the epiblast during gastrulation and 
then accumulate between the endoderm and 
ectoderm. As blood vessels develop in the 
area vasculosa, primordial germ cells enter 
the extraembryonic circulation. During the 
3rd day of incubation they leave the vascular 


Table 18.1. 
Formation of reproductive organs 
Feature Stage 
Formation of gonadal 9-10 mm 
ridge 
Dog, sheep (24 day) 
Horse - (27 day) 
Ox : (28 day) 
Genital tubercle 10-12 mm 
externally visible 
Appearance of 14-18 mm 
paramesonephric 
ducts 
Initial appearance of 16-20 mm 


tunica albuginea? 
(denotes onset of 
testicular 
development) 
Formation of anogenital 
raphe in males? 
Dog 20 mm (31 day) 
Ox 27 mm (42 day) 
Anogenital distance 
greater in male 
Dog 25 mm (32 day) 
Ox 36 mm (45 day) 


“It requires several days for tunica albuginea to 
fully encapsulate testis; the process is completed 
by 30 days (boar), 35 days (ram), or 45 days 
(bull). 

? Raphe appears 1 day later in females. 
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Figure 18.1. The development of germ cells in birds. Primordial germ cells (black spots) first appear 
in the germinal crescent, then travel via the circulatory system to the gonadal ridge. (From Nieuwkoop 
PD, Sutasurya LA: Primordial Germ Cells in the Chordates, Cambridge, Cambridge University Press, 


1979.) 


network in the mesonephros and colonize 
the gonadal primordia. 

Evidence for this vascular route comes 
from experiments in which the germinal 
crescent was removed from a neurula-stage 
chick embryo and replaced with the crescent 
from a different strain of bird. The host's 
gonads were later found to contain germ 
cells from the graft. How the circulating 
germ cells selectively colonize only the go- 
nadal ridges is not well understood. Circum- 
stantial evidence indicates that there 1s an 
attractant which the circulating cells recog- 
nize and respond to chemotactically. 

In mammals the germ cells can first be 
recognized in the caudal yolk sac endoderm 
and adjacent splanchnic mesoderm (Fig. 
18.2) at about the time that somitogenesis 
begins. They contain large amounts of both 
alkaline phosphatase and glycogen. The 
germ cells shift dorsally to the dorsal mes- 
entery of the hindgut and then to the mes- 
onephros, which is the site of gonad for- 
mation. While some germ cells enter the 
circulatory system in mammals, there is no 


evidence that these circulating germ cells 


. colonize the gonads. 


GONADOGENESIS 
Indifferent Stage 


The first sign of gonad development is a 
swelling called the gonadal ridge (genital or 
urogenital ridge) on the medial side of the 
middle part of each mesonephros. This ridge 
initially forms in embryos of approximately 
9-10 mm and quickly enlarges (Fig. 18.3) 
due to local hypertrophy of the coelomic 
epithelium and arrival of approximately 
100-300 primary germ cells. 

The development of the gonadal primor- 
dium is closely linked with the partial degen- 
eration of the mesonephros, especially the 
mesonephric tubules. Cords of epithelial 
cells from mesonephric tubules and degen- 
erating glomerular capsules invade the area 
ofthe gonadal ridge (Fig. 18.4) then coalesce 
to form clusters and small vesicles that in- 
corporate primary germ cells. These epithe- 
lial components form the gonadal cords 
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Figure 18.2. The development of germ cells in mammals. Primordial germ cells first appear in the 
endoderm of the yolk sac (y.s.) They shift dorsally to occupy the dorsal mesentery, and finally move 
into the medial margin of the mesonephros at the time of gonadal ridge formation (al., allantois; g.r., 
gonadal ridge; h., heart; h.g., hindgut; and m.g., midgut). (From Nieuwkoop PD, Satasurya LA, 1979.) 
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Figure 18.3. The initial! formation of the gonadal ridge is illustrated in these transverse sections 
from A, an 8mm, and B, an 11-mm bovine embryo. 
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Figure 18.4. Schematic transverse views illustrating in A and B the formation of the indifferent 
gonad and in C through F the subsequent development of the testis. E and F are ventral views at the 
same stages as C and D. 


325 


326 EMBRYOLOGY OF DOMESTIC ANIMALS 


(primitive sex cords). They establish an epi- 
thelial network between the gonadal ridge 
epithelium and the remnants of the meso- 
nephric tubules. 

The best evidence regarding the precise 
origins of gonadal cords comes from analy- 
ses of sheep and cattle gonadogenesis. These 
species have a giant nephron (Fig. 18.5) that 
is located in the cranial part of the mesone- 
phros and has a large, multisegmental glo- 
merular capsule connected to many tubules. 
As this nephron breaks down, the capsular 
epithelial cells colonize the gonadal ridge 
and form the primary sex cords. This is 
referred to as the indifferent stage of gona- 
dogenesis. 


Testis 


The subsequent development of the male 
gonad (Fig. 18.4) takes place in the medul- 
lary region of the gonadal ridge. The gonadal 
cords form solid tubes that postnatally be- 
come patent and form the seminiferous tu- 
bules. These tubules are arranged in loops 
that connect via a network of ductules, the 
rete testis, to the efferent ductules. Both of 
these duct systems are derived from meso- 
nephric tubules. 

The gonadal cords become separated from 
the coelomic epithelium by a distinct mes- 
enchymal sheet, the primordial tunica albu- 


Subcardinal-vitelline 
venous anastomosis 


Figure 18.5. Transverse section from a 10-mm sheep embryo showing the appearance of the giant 
renal corpuscle in each mesonephros, and its close relation to the gonadal ridge. 


ginea. The appearance of this tunic, which 
serves as the pathway of blood supply to the 
gonad, is the first histological evidence that 
the gonad is a testis, as shown in Figure 18.4. 
In the definitive testis the germ cells become 
the spermatogonia. They line the seminifer- 
ous tubule in association with sustentacular 
cells (Sertoli cells), which are derived from 
mesonephric tubule epithelial cells. The or- 
igin of interstitial cells (Leydig cells), which 
are located between seminiferous tubules, is 
uncertain; descriptive data suggest they are 
formed by mesodermal mesenchyme cells 
that originally occupied the gonadal ridge. 
These interstitial and sustentacular cell pop- 
ulations produce androgens and other secre- 
tions of the male gonad (discussed in Chap- 
ter 19). 


Ovary 


In the female the epithelial gonadal cords 
break up into many small clusters called 
follicles (Fig. 18.6), each of which has one 
or more germ cells in the center. Most of 
the cell clusters are situated peripherally, 
close to the hypertrophied epithelium that 
will form the mesothelial surface of the go- 
nad. Those clusters located deep in the med- 
ullary region degenerate. No tunica albugi- 
nea develops in the ovary, and the medullary 
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Figure 18.6. Schematic ventral views of the development of the ovary. Compare with sections E 


and F of Figure 18.4. 


region remains as a loosely arranged stroma 


through which blood vessels to the develop- 
ing ovary grow. The ovary of the mare is an 
exception in that the cell clusters are distrib- 
uted throughout the ovary, not just in the 
cortical region, and it has a peripheral vas- 
cular supply. 

Although a few oogonia enter meiotic pro- 
phase shortly after entering the gonadal 
ridge, most continue to divide mitotically 
throughout fetal stages and shortly after 
birth. When they stop dividing they form 
primary oocytes (see Chapter 2). 

The precise origin(s) of follicular cells has 
not been defined. By analogy with the male, 
it is usually stated that estrogen-producing 
follicular cells are of gonadal ridge mesen- 
chymal origin. However, descriptive evi- 
dence indicates that gonadal cord epithelial 
cells, which are the predominant cell type 
during early stages of ovarian development, 
contribute to fetal follicles and probably per- 
sist in the adult. Possibly both cell types 
contribute to the follicular population, 


which may explain the functional heterogen- 
iety of mature follicular cells. During devel- 
opment many more oogonia are produced 
than will survive. In the pig there are ap- 
proximately 5,000 germ cells in the fully 
formed indifferent gonad (24 days of gesta- 
tion), 1,100,000 oogonia at 50 days and 
500,000 at term. i 


INTERNAL DUCTS 

The mesonephros degenerates from cra- 
nial to caudal. In the male, some of the 
mesonephric tubules that fused with gonadal 
cords persist and form the efferent ductules 
(ductuli efferentes; Fig. 18.4). That portion 
of the mesonephric duct originally located 
within the mesonephros remains closely as- 
sociated with the testis and forms the epidid- 
ymis. As shown in Figure 18.7, the caudal 
part of each mesonephric duct forms a de- 
ferent duct (ductus deferens). 

In contrast, the entire mesonephric duct 
and tubules degenerate in the female fetus 
(Fig. 18.8). Vestigial traces of mesonephric 
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Figure 18.8. Transverse section of a 41-mm 
feline fetus showing the metanephric kidney and 
ovary. The ovary is occupied by proliferating 
oogonia surrounded by follicular cells. Note that 
most of the mesonephric tubules have degener- 
ated (A), and only a remnant of the mesonephric 
duct (single arrow) is still present. The double 
arrow indicates the paramesonephric duct. 


tubule and duct tissues can occasionally be 
found in mesenteries surrounding the ovary 
(epoophoron, paroophoron) or near the wall 
of the vagina (Gartner's duct) or urethra. 

A second duct, the paramesonephric duct 
(müllerian duct), forms in both male and 
female embryos on the lateral side of the 
mesonephros, close to the mesonephric duct 
(Figs. 18.9, 10). Initially, a longitudinal par- 
amesonephric groove develops in the meso- 
thelium. This deepens then separates from 
the peritoneal lining, forming a solid cord of 
cells that grows caudally along the lateral 
then ventral wall of the mesonephros. Sub- 
sequently a lumen forms in the cord. In the 
caudal region of the abdomen this growing 
tube curves medially and meets the para- 
mesonephric duct from the opposite side 
(Fig. 18.10). The two tubes fuse and extend 
caudally as one tube to enter the urogenital 
sinus caudal to the mesonephric and meta- 
nephric ducts. 

In the female the uterine tubes (Fallopian 
tubes, oviducts), the horns, body and cervix, 
and part of the vagina are derived from these 
fused paramesonephric ducts. The urogeni- 
tal sinus and, to a lesser extent, mesonephric 
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Figure 18.9. Transverse section from a 17-mm canine embryo. Note the increase in size of the 
indifferent gonad (compare with Figs. 18.3 and 18.5), and the presence of both male (mesonephric) 
and female (paramesonephric) ducts. If this animal was genetically a male, the tunica albuginea would 
begin to form near the base of the gonad at about this stage. 
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Figure 18.10. Transverse section through the cranial aspect of the urogenital sinus (bladder) and 
hindgut of a 41-mm female canine fetus. The paramesonephric ducts are shown immediately cranial 
to their fusion to form the body of the uterus. Note that the mesonephric ducts have not yet 


degenerated. 


ducts also contribute to the vagina. The 
caudal part of the urogenital sinus is retained 
as the vestibule. 

The paramesonephric ducts initially form 
identically in the male embryo, but largely 
degenerate following the onset of gonadal 
function. In male bovine embryos these 
ducts form during the beginning of the 6th 
week of gestation (17-18 mm) and degen- 
erate within 3 weeks. Remnants of the par- 
amesonephric ducts in the male include the 
appendix testis and, caudally, the uterus 
masculinus (Fig. 18.7C). Table 18.2 sum- 
marizes the fate of the mesonephric and 
paramesonephric duct systems in each sex. 

The morphology of the uterus varies con- 
siderably among mammals, reflecting differ- 
ences in the extent of fusion between the 
two paramesonephric ducts (Fig. 18.11). In 
monotremes and most marsupials the para- 
mesonephric ducts do not fuse, but enter 
separately into the urogenital sinus. Most 
rodents and lagomorphs (rabbits) have a du- 
plex uterus, which means that both cervices 
of the uterus open separately into a common 


vagina. Domestic animals have a bicornuate 
uterus in which the uterine horns join to 
form a uterine body that opens into the 
vagina at the cervix. The openings of the 
two horns into the body may be largely (cow) 
or partially (sow) separated internally. 


ACCESSORY SEX GLANDS 


Accessory sex glands (Figs. 18.7 and 
18.16; Table 18.3) develop as evaginations 
from the epithelium of the urogenital sinus 
or associated ducts. Their basic formation is 
typical of exocrine glands as described else- 
where for the salivary glands and pancreas. 

The bull, ram, boar, stallion and most 
small laboratory animals have prostate, bul- 
bourethral, and seminal vesicle glands. The 
cat lacks seminal vesicles, and the dog has 
only a prostate gland. 


EXTERNAL GENITALS 
Indifferent Stage 


The development of the external genitals 
is related to the development of the phallic 
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Table 18.2. 
Derivatives of the mesonephric and paramesonephric ducts? 
Indifferent Male Female 

Mesonephric Efferent ductules [Epoophoron] 

tubules [Paradidymis] [Aberrant ductules] 

[Paroophoron] 

Mesonephric Epididymis [Vesicular appendage] 

duct Ductus deferens [Epoophoron] 


[Epididymal appendage] [Vestigial deferent 
(Gartner s) duct] 


Paramesonephric [Appendix testis] [Vesicular appendage] 
duct [Prostatic utricle] Uterine tube 
[Uterus masculinus] Uterus—horn, body and 
cervix 


Vagina (in part: completed 
by mesonephric ducts 
and urogenital sinus) 


* Brackets indicate vestigial structures. 


Ovary  Infundibulum 


Uterine horn 


Body of uterus 


Orifice of urethra 


Å MONOTREME B RODENT, RABBIT C poc 


Vestibule 


D Pc E cow F HORSE 
Figure 18.11. Schematic representation of the different degrees of paramesonephric duct fusion 
found in mammals. A, both ducts enter separately into the urogenital sinus; B, the ducts of most 
rodents and rabbits fuse but remain separated internally; C, dog; D, pig; E, cow; and F, horse. From 
Schummer A, Nickel R, Sack WO: The Viscera of Domestic Mammals, Berlin, Verlag Paul Parey, 
1979. 
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Table 18.3. 
Origin of accessory sex glands 

Origin Male Female 
Urogenital Prostate gland (from pelvic Urethral glands 

sinus urethra) (microscopic in wall of 


urethra) 


Bulbourethral glands (from Major vestibular glands 


caudal part of pelvic 


urethra) 


Lateral urethral glands, 
(microscopic in pelvic 


urethra) 
Mesonephric Seminal vesicle 
duct 


portion of the urogenital sinus and sur- 
rounding mesenchyme. Simultaneous with 
body and tail folding, lateral mesoderm de- 
rived from the primitive streak passes lateral 
and ventral to the cloaca. This lateral mes- 
oderm forms the mesenchymal components 
of the ventral abdominal wall at the level of 
the pubovesicle pouch, and the ventral wall 
of the bladder. 

Proliferation of mesoderm adjacent to the 
cloacal membrane creates a series of swell- 
ings. At the cranioventral end of the cloacal 
membrane the genital tubercle is formed 
(Figs. 17.3, 18.12 and 18.13). Lateral to the 
membrane and extending most of its length 
are the cloacal folds. Peripheral to these, 
caudolateral to the cloacal membrane, are 
the genital or labioscrotal swellings that 
overlie the site of inguinal canal develop- 
ment. These are all present and similar in 
both sexes prior to sex differentiation. 

After the caudally growing urorectal sep- 
tum separates the rectum from the urogeni- 
tal sinus, the urogenital and anal membranes 
rupture. This establishes the anal orifice cau- 
dodorsally and urogenital orifice cranio- 
ventrally. The cloacal folds fuse in the mid- 
line between these two orifices; the site of 
fusion is demarcated by the genital (perineal) 
raphe (Fig. 18.12). The dorsal portion of the 
cloacal folds forms the anal folds, while the 
elongated ventral portion enlarges to form 
the urogenital folds. 

Shortly after the appearance of the genital 
tubercle and prior to completion of urorectal 
septal development, the epithelial lining of 
the floor of the urogenital sinus expands 


(dorsolateral in vestibule) 


Minor vestibular glands 
(ventral in vestibule) 


No homolog 


cranioventrally along the ventral margin of 
the elongating genital tubercle. These endo- 
dermal cells initially form a solid cord called 
the urethral plate extending inward from the 
ventral surface of the tubercle (Fig. 18.13). 
Concomitant with the breakdown of the 
urogenital membrane, the urethral plate hol- 
lows to form a canal. Proliferation of mes- 
enchyme on both sides of the urethral plate 
enlarges the urogenital folds and establishes 
a median urethral groove (Fig. 18.9) on the 
ventral surface of the genital tubercle. The 
urethral groove and urethral plate are di- 
rectly apposed along the base of the tubercle. 
As always occurs when surface ectoderm and 
endoderm are in direct contact, the zone of 
apposition degenerates. This creates a deep 
trough, still called the urethral groove, along 
the ventral surface of the genital tubercle. 


Female 
In the female domestic animal the urogen- 
ital folds that bound the sides of the urogen- 
ital orifice remain separate and form the 
labia or lips of the vulva. They overgrow the 
genital tubercle, which becomes internalized 
in the floor of the vestibule. The tubercle 
forms the clitoris, which is vestigial in most 
species. With elongation of the body, the 
genital swellings shift cranial to the genital 
tubercle; in most species these disappear 

during fetal development. 


Male 


The first external indication that the em- 
bryo is developing as a male is an elongation 
of the genital raphe. This results from both 
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INDIFFERENT 
STAGE 


Genital tubercle 


Urethral groove 


Genital raphe 


Urogenital folds 
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= Nipples 


Urethral groove 
Genital raphe 


FEMALE 


Glans penis Glans 
Clitoris 
EE Opening urethral groove 
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A 
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Figure 18.12. Schematic early development of the external genital organs in the dog, shown in 
ventral and caudal views of (top row) 19-mm (30-day) and (below) 35-mm (35-day) embryos. (From 
HE Evans and GC Christensen, 1979.) 


334 EMBRYOLOGY OF DOMESTIC ANIMALS 


t Urogenital 
lium Hindgut sinus 
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Figure 18.13. Transverse section at the level of 
the pelvic limbs in a 13-mm feline embryo show- 
ing the urethral plate extending from the urogen- 
ital sinus onto the genital tubercle. 


a cranial shift in the genital tubercle and 
fusion of the urogenital folds over the uro- 
genital orifice. This closure extends in a 
caudal-to-cranial (distal) direction along the 
urethral groove, leaving the urethra opened 
only on the ventral surface of the genital 
tubercle. Later, the urogenital folds fuse ven- 
trally along the entire length of the genital 
tubercle, establishing the penile urethra. The 
site of fusion is indicated by the genital 
raphe. 

Differences in the distance between the 
anus and the base of the genital tubercle 
(Fig. 18.14) are the most commonly used 
external feature to discriminate male from 
female fetuses. This disparity is first detect- 
able in the 30-day (19-mm) dog or 42-day 
(27-mm) bovine embryo, after which time 
the anogenital distance remains constant in 
the female and increases in the male. 
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Figure 18.14. Changes in the anogenital dis- 
tance of developing bovine embryos. (After In- 
omata T, et al: Japanese Journal of Veterinary 
Science 44:489, 1982.) 


At the apex of the genital tubercle, where 
the glans penis is developing, a shallow in- 
vagination forms. From this a cord of epi- 
thelial cells grows into the tubercle then 
contacts and fuses with the urethral groove. 
Subsequently, this cord hollows out and re- 
mains patent, forming the distal portion of 
the penile urethra. In summary, the male 
urethra is derived from the endodermal uro- 
genital sinus (pelvic urethra), the urogenital 
plate (penile urethra), and surface ectoderm 
of the glans penis (distal penile urethra). 

The body of the penis is incorporated into 
the ventral abdominal wall of most domestic 
mammals, less so in the horse). In ungulate 
fetuses a circular band of muscles called the 
umbilical sphincter forms a sling that pulls 
the penis against the body wall. 

Separation of a superficial ring of skin, 
the prepuce, from the distal body of the penis 
occurs secondarily (40-mm stage in the pig). 
A circular plate of ectodermal cells forms at 
the distal tip of the phallus and invaginates 
into the mesenchyme of the tubercle. Sub- 
sequently this ectodermal (glandopreputial) 
plate thickens and separates into two layers 
with a cleft, the preputial cavity, between 
them. The prepuce consists of the wall of 
tissue forming the external border of the 
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cleft. The bovine preputial cavity is not com- 
pleted until 4-9 months postnatally. 

This ectodermal plate does not initially 
form a complete ring. There is a ventral 
connection, the frenulum, between the body 
of the penis and the prepuce. Normally this 
is the last structure to degenerate in comple- 
tion of the preputial cavity, and loss of the 
frenulum is necessary for normal penile pro- 
trusion to occur. If a bull calf is castrated 
shortly after birth, preputial formation is 
incomplete and the frenulum often persists. 

The genital swellings persist in the male 
and form the scrotum. In the dog, horse and 
ox they shift cranially, remaining closely 
apposed to the genital tubercle, while in the 
cat and pig they remain beneath the anus. 
In all cases these swellings initially overlie 
the gubernaculum and vaginal processes, 
which project from the inguinal canals. 


MAMMARY GLANDS 


In both sexes a pair of linear ectodermal 
thickenings, the mammary ridges, become 
visible on the ventrolateral surface of the 
trunk between the levels of the limbs (see 


Figure 10.4). These appear in most embryos: 


of 12- to 16-mm length, slightly later in the 
horse, and the length of the ridge varies with 
the species. In carnivores and swine it 
reaches from the axilla to the inguinal re- 
gion, but in ruminants and the horse it is 
limited to the inguinal region. Each mam- 
mary ridge undergoes a ventral displacement 
as the dorsal part of the trunk grows. Focal 
condensations of somatic mesoderm and 
thickening of overlying surface ectoderm oc- 
cur at specific intervals along this ridge. At 
these sites the ectoderm invaginates into the 
mesenchyme, producing a series of cylindri- 
cal ingrowths called mammary buds, which 
indicate the sites of development of mam- 
mary glands. 

Each mammary bud forms one or more 
epithelial diverticula (sprouts). These are ini- 
tially solid cords extending into underlying 
somatic mesenchyme. They. later become 
patent, forming lactiferous ducts that open 
onto the surface of the developing teat. The 
number of duct systems in one mammary 


gland varies among species of domestic an- 
imals (Table 18.4) from 1 to approximately 
14. 

In many species more mammary buds 
form than are found in the adult; these extra 
growths degenerate along with the interven- 
ing ridge. In cattle, extra mammary buds 
that persist caudal to or between the normal 
glands give rise to accessory mammary 
glands referred to as supernumerary teats. 
These often have glandular tissue associated 
with them. In sheep, the accessory glands 
typically occur cranial to the normal ones. 


DESCENT OF THE GONADS 


The mesonephric and paramesonephric 
ducts extend caudally from the level of the 
mesonephros to the urogenital sinus. They 
are located within mesenchyme in the mes- 
othelial folds that project into the peritoneal 
cavity. As the mesonephros degenerates the 
mesenteries supporting the gonads and ducts 
remain attached to the wall of the peritoneal 
cavity. The site of attachment of these folds 
shifts from dorsolateral to ventrolateral as 
the ducts pass caudally. 

The site on each side of the body where 
the ducts curve medially to fuse together 
(paramesonephric ducts) or enter the uro- 
genital sinus (mesonephric ducts) is close to 
the position of the labioscrotal swellings. 
The somatic mesoderm in this region con- 
denses, forming a mesenchymal cord, the 
gubernaculum, that extends from the labio- 
scrotal swelling to the bend in the duct sys- 
tems, and continues cranially to the gonad. 
In the male the bend in the duct system 
occurs at the junction of the tail of the 
epididymis and the deferent duct (Figs. 
18.15 and 18.16). As the gubernacular mes- 


Table 18.4. 
Mammary glands and duct systems 


Species Glands Duct systems per 


gland 
Cat 8 5-7 
Bitch 10 8-14 
Sow 14 2 
Cow 4 1 
Ewe/Doe 2 1 
Mare 2 2 
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enchyme located between the tail of the 
epididymis and the scrotal swellings en- 
larges, an outpocketing of the peritoneum, 
the vaginal process, grows ventrolaterally 
into the gubernaculum at the site of the 
future inguinal canal. 

The process of testicular descent occurs in 
two stages. The first is a passive displace- 
ment of the testis caudally and ventrally to 
the site of the inguinal canal. This occurs 
largely as a result of growth and elongation 
of the body, with the testis remaining ap- 
proximately the same distance from the uro- 
genital sinus. In contrast, the metanephric 
kidneys remain attached to the dorsal axial 
tissues below the first few lumbar vertebrae 
as the caudal end of the embryo elongates. 
The gonad and its blood supply, the testic- 
ular vessels, remain at all times suspended 
by mesorchium. 

Once the testis is positioned adjacent to 
the inguinal canal, changes must occur that 
reduce the size disparity between the canal 
and the gonad, and decrease resistance to 
the movement of the gonad through the 
canal. 

These changes are provided by a swelling 
of the gubernaculum at the level of the in- 
guinal canal (Fig. 18.15). This swelling is a 
result of mesenchymal cell proliferation and 
a large increase in the secretion of extracel- 
lular matrix materials, consisting mostly of 
hyaluronic acid. The accumulation of this 
extracellular secretion dilates the inguinal 
canal and causes the gubernaculum to be- 
come soft and jelly-like in consistency, de- 
creasing its resistance to the descent of the 
gonad. 

The process of descent is passive; there is 
no contractile tissue present in the guber- 
naculum to actively pull the gonad through 
the canal. During the process of descent, 
incorporation of the intra-abdominal (deep) 
gubernacular mesenchyme into the extra- 
abdominal component produces an absolute 
shortening of the gubernaculum. Simulta- 
neously the extra-abdominal gubernacular 
mesenchyme continues to swell in the scro- 
tal swelling. The gubernacular mesenchyme 
regresses after the testis descends through 


the inguinal canal, producing an absolute 
decrease in its length. 

The swelling of the extra-abdominal gu- 
bernaculum not only dilates the inguinal 
canal but also causes the lumen of the vagi- 
nal process to collapse. When the testis has 
passed through the inguinal canal its cover- 
ing of visceral peritoneum is now called the 
visceral vaginal tunic. This is continuous 
with the mesorchium and is the lining of the 
peritoneum that forms one wall of the vagi- 
nal cavity. The other, outer, wall of the 
cavity becomes the parietal vaginal tunic 
(Figs. 18.15 and 18.16D). The mesenchyme 
surrounding the vaginal process forms the 
spermatic fascia, which is continuous with 
the connective tissues of abdominal wall 
muscles. The cremaster muscle is incorpo- 
rated in this fascia outside the parietal vagi- 
nal tunic. 

In the horse the vaginal process begins to 
grow into the gubernacular mesenchyme 
around 45 days of gestation. The testis does 
not reach the vaginal ring until 270 days of 
gestation. Also in this species the tail of the 
epididymis, where it joins the ductus defer- 
ens, extends into the gubernacular mesen- 
chyme prior to the testis. This is a helpful 
landmark to locate in some cases of failure 
of the testis to descend (cryptorchidism). 

The disparity in size between the fetal 
testis and inguinal canal is most remarkable 
in the equine fetus, in which the fetal testis 
grows to an extremely large size due to the 
proliferation of interstitial cells. Prior to de- 
scending into the scrotum, which normally 
occurs around birth, the testis regresses in 
size. At 150 days of gestation the equine fetal 
testis is 3 cm in diameter and weighs 20 g. 
By 250 days, it is 5 cm in diameter, weighing 
50 g. However by 300 days it has elongated 
and softened and is 2.5 cm in diameter and 
weighs only 30 g. This size change and 
weight loss reflects a degeneration of fetal 
testicular interstitial cells. With this change 
in shape and size the testis is able to pass 
through the inguinal canal, as shown in Fig- 
ure 18.16. 

Descent of the testis through the inguinal 
canal normally occurs at 106 days of gesta- 
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Figure 18.15. Descent of the canine testis. A and B illustrate the swelling of the gubernaculum to 
enlarge the inguinal canal (Redrawn from Wensing CJG: Proceedings Konilklyke Nederlandse Aka- 
demie van Wetenschappen: Series C 74:373, 1973.) 
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Figure 18.16. Descent of the testis in the horse, shown in schematic right lateral views of A, 75- 
day; B, 175-day; and C, term (330-day) fetuses. D is a transverse section through the descended 
testis to illustrate the medial location of the deferent duct and lateral epididymis, both of which are in 
folds of the visceral layer of the vaginal tunic. (Redrawn after Bergin WC, et al: Biology of Reproduction 


3:82-92, 1970.) 


tion in the bull, 70 days in the boar, at or 
near birth in the horse and 3-4 days post- 
natally in the dog. However, it is not until 
35 days postpartum that the canine testis 
reaches its scrotal location. This final de- 
scent into the scrotum is related to regression 


of the gubernaculum, which commences as 
the testis is passing through the inguinal 
canal. 

The gubernaculum is essential for normal 
descent of the testis and its swelling, elon- 
gation and regression are controlled by tes- 
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ticular secretions. Therefore the testis gov- 
erns its own descent. This gubernacular out- 
growth is stimulated by a nonandrogenic 
testicular factor that is enhanced by testos- 
terone from the testis. Gubernacular regres- 
sion is induced by testosterone. 


MESENTERIES OF THE 
REPRODUCTIVE ORGANS 


The mesothelial folds that developed in 
the embryo to suspend the mesonephros, 
gonad, and duct systems persist in the adult 
but support different organs in each sex, as 
summarized in Table 18.5. Regression of the 
gubernaculum converts a large mucoid-rich 
tissue into a small fibrous structure. This 
regression, which is primarily a result of loss 
of intercellular substance, results in “liga- 
mentous” remnants that are observed in the 
gross dissection. As illustrated in Figure 
18.16B, the gubernacular mesenchyme be- 
tween the caudal pole of the testis and the 
bend in the mesonephric duct forms the 
proper ligament of the testis. This is covered 
by a fold of peritoneum continuous cranially 
with the mesorchium of the testis. Caudally 
the gubernaculum forms a mesenchymal 
cord, the ligament of the tail of the epididy- 
mis, located between the bend in the meso- 
nephric duct and the scrotal swelling. 

In the. pig and ruminants the fetal ovary 
shifts caudally towards the pelvic inlet. In all 
other female domestic animals it retains a 


Table 18.5. 


midabdominal position that approximates 
the site of its development. The gubernacu- 
lum in the female becomes the proper liga- 
ment of the ovary in the free edge of the 
mesometrium between the ovary and the 
uterine horn. Caudally, the gubernaculum 
forms the round ligament of the uterus, 
which extends from the proper ligament to 
the inguinal canal in the free edge of a 
ventrolateral fold of mesometrium. In the 
bitch it usually passes through the inguinal 
canal with the vaginal process. 

A longitudinal groove forms between the 
gonadal ridge and the degenerating meso- 
nephros (Figure 18.8), and the mesothelial 
(peritoneal) layer covering the gonad is re- 
duced to a thin mesenchymal sheet at the 
site of this groove. This, together with the 
mesothelial remnants of the degenerated 
mesonephros, will become the attachment 
of the gonad to the body wall. In the male 
this forms the mesorchium and in the fe- 
male, the mesovarium. These lateral mesen- 
teries also support the gonadal vessels. In 
the male, the mesorchium and the testicular 
artery and vein that it suspends are contin- 
uous from the dorsolateral abdominal wall 
to the testis in the scrotum. 


ABNORMAL DEVELOPMENT OF GERM 
CELLS 

Deficits in the number of gametes usually 

are either the result of chromosomal abnor- 
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malities that preclude normal tetrad forma- 
tion during meiosis or are secondary to mal- 
formations of the gonads. Abnormal or ec- 
topic embryogenesis from a germ cell results 
in the formation of a teratoma. This is a 
neoplasm composed of many types of tissue, 
including bone, hair, teeth, muscle, and 
neural tissues, all of which are randomly 
arranged. These neoplasms are rare in do- 
mestic animals and are usually benign, but 
can be malignant if pluripotential stem cells 
are present. Teratomas are most frequently 
found in testes and ovaries, and have been 
shown in mice to originate from germ cells. 
It is believed that teratomas in other loca- 
tions are derived from germ cells that settled 
in ectopic positions. 


STRUCTURAL MALFORMATIONS OF 
THE REPRODUCTIVE ORGANS* 


Gonads 


Hypoplasia of the gonad results in a small 
organ that usually lacks germ cells. Hypo- 
plasia can be unilateral or bilateral and has 
been reported as hereditary in cattle. This 
condition is often accompanied by other 
structural or behavioral abnormalities, es- 
pecially in the male, due to reduced gonadal 
secretions. 

Cryptorchidism is a failure of the normal 
descent of the testis. The testis may be lo- 
cated immediately outside the inguinal canal 
or intra-abdominally and as far cranially as 
the level of the kidneys. This condition may 
result from an abnormal site or direction of 
gubernacular development. Exaggerated in- 
tra-abdominal swelling of the gubernaculum 
does not expand the inguinal canal suffi- 
ciently to permit testicular descent. 

Animals with bilateral cryptorchidism are 
usually infertile because spermatogenesis 
does not occur. This is due to injurious 
effects of normal body temperature on sper- 
matocytes.and spermatids. Mammals with 
internalized testes, including elephants and 
marine mammals, do not show this heat 
sensitivity. Cryptorchid testes have an in- 


* Malformations involving abnormal development of 
male and female-specific structures are described in 
Chapter 19. 


creased incidence of neoplasia, and in dogs 
can be associated with umbilical hernia, de- 
fects of the penis and prepuce, hip dysplasia, 
and patellar dislocation. 

Although inheritance has been implicated 
as a factor in cryptorchidism in most species, 
few studies have been performed to better 
define this correlation. A multiple gene de- 
fect has been proposed in a colony of Mini- 
ature Schnauzers with a high incidence of 
cryptorchidism, but the wide breed distri- 
bution of this abnormality in dogs suggests 
that other factors are involved. 


Urogenital Ducts 


Persistent vestigial structures are rem- 
nants of undifferentiated embryonic ducts 
that persist, usually close to the gonads or in 
the wall of the urogenital sinus (see Table 
18.2 and Fig. 18.7). These rarely interfere 
with normal function unless they become 
cystic and enlarged. 

Mesonephric duct abnormalities include 
stenosis or aplasia of the epididymis or duc- 
tus deferens. This can occur as an isolated 
entity or in conjunction with renal aplasia. 

Paramesonephric duct abnormalities in- 
clude improper fusion and various patterns 
of stenosis or atresia. Improper fusion results 
in a duplex uterus when the left and right 
paramesonephric ducts fail to join and fuse, 
so that each enters the vagina separately. 
Alternatively, fusion may be partial, with a 
small common uterine chamber. Unilateral 
uterine aplasia (uterus unicornis) is the ab- 
sence of one uterine tube and horn. This is 
often associated with unilateral renal agen- 
esis. 

Focal defects in the development of the 
paramesonephric duct result in segmental 
aplasia or stenosis of a uterine tube or horn. 
Atresia is often accompanied by the forma- 
tion of cysts in the uterus. It is an hereditary 
disease of Short Horn cattle called white 
heifer disease because it occurs in conjunc- 
tion with the inheritance of white coat color. 


External Genitals 


Hypospadius (spadius = to open) is the 
complete or partial failure of the urethral 
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folds to close in the male, leaving the mucosa 
of the penile urethra exposed caudally and 
ventrally. It is usually associated with the 
abnormal development of other gender-spe- 
cific structures. 

Epispadius is a rare condition in males in 
which the penis is shortened and the dorsal 
surface of the penile urethra is open. This 
defect is accompanied by a failure of the 
caudal ventral abdominal wall to develop 
properly, so that the dorsal wall of the blad- 
der and pelvic urethra are exposed ventrally, 
a condition called extroversion of the blad- 
der. This appears to be due to abnormal 
development of caudal lateral mesoderm. As 
a result, bladder and urethral endoderm 
come into direct apposition with ventral 
body wall ectoderm, which results in the 
local degeneration of both these epithelia. 
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The study of chromosomes, especially 
their structure and role in heredity, is called 
cytogenetics. 


Deviation from the normal number and’ 


composition of chromosomes in a gamete 
usually results in a malformation or death 
of the embryo to which it contributes. Single 
base pair additions and deletions, or substi- 
tutions and changes in the locations of nu- 
cleotide sequences can occur during any cell 
division, but are especially prevalent during 
meiosis. If the chromosome involved is a sex 
chromosome, the resulting organism will 
frequently develop an intersex condition. 
This describes any situation in which there 
is ambiguity in the structure of the gonads, 
reproductive tract or external genitals. Al- 
though most chromosomal aberrations are 
deleterious to the organism, occasionally 
they are beneficial and create diversity 
within a population, which is a necessary 
component of natural selection. 

This chapter deals with the more gross of 
these genetic alterations. These involve 
either entire chromosomes or major parts of 
a chromosome that are translocated, in- 


serted into a different chromosome, or else 
deleted. 


KARYOTYPING 


Karyology is the study of the nucleus, 
more specifically the morphology of the 
chromosomes. Some chromosomal changes 
can be identified indirectly by clinical obser- 
vation of the phenotype of the organism, but 
microscopic examination is required to doc- 
ument most of them. Karyotyping is the 
preparation of a systematized array of the 
chromosomes of a cell prepared by photo- 
graphs. The resultant is a karyogram (Figs. 
19.1 and 19.3). 

In order to observe chromosomal mor- 
phology the cell to be studied must be in the 
metaphase stage of the mitotic cycle, when 
the chromosomes are condensed and visible 
using light microscopy. During metaphase 
the paired chromatids are contracted and 
joined by the centromere. 

Some cells, such as white blood cells in a 
blood sample, have to be cultured to pro- 
duce mitosis. Others (testis, bone marrow) 
are continually dividing and direct prepara- 
tions can be made. White blood cells are the 
most frequently studied. When cultured 
with a mitosis-stimulating agent (mitogen) 
such as phytohemagglutinin for 1-3 days, 
these cells will divide. Exposure of the divid- 
ing cells in culture to colchicine will arrest 
mitosis at metaphase because the drug inter- 
feres with spindle formation. Finally, treat- 
ing with a hypotonic solution causes swelling 
of the metaphase cells, after which they are 
squashed on a slide and stained, usually with 
Giemsa, to delineate the chromosomal 
structure. The chromosomes are photo- 
graphed and a composite of the photo- 
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Figure 19.1. Metaphase-arrested chromo- 
somes of a normal male ox (60XY). Note the size 
disparity between the X and Y chromosomes, 
and the acrocentric morphology of the auto- 
somes. (From Dunn HO, et al: Cornell Vet 71:2, 
1981.) 


graphed chromosomes is prepared organiz- 
ing the chromosomes by homologous pairs 
based on the length of the chromatids and 
the position of the centromere between the 
chromatids. 

Chromosomes are categorized grossly by 
the position of the centromere. Metacentric 
indicates it is midway between the ends, 
acrocentric or telocentric if near or at one 
end, and submetacentric if the centromere is 
located between the middle and one end. In 
many cases the differences between some 
pairs are too subtle to allow exact identifi- 
cation. Table 19.1 gives the total number of 
chromosomes for each species and the kind 
of morphology characteristic for the species. 


ALTERATIONS IN CHROMOSOME 
NUMBER 


Ploidy refers to the number of chromo- 
somes within a cell. Haploid (N) is the num- 
ber in the gamete, while diploid (2N) is the 
normal number in a somatic cell (see Fig. 
2.1 for details). 

Polyploidy is a condition in which the 
number of chromosomes in a cell is in- 
creased by an exact multiple of the haploid 
state. For example, tetraploidy (4N) is com- 
mon in liver cells and in some large neurons 


in the central nervous system, including Pur- 
kinje cells. This could be due to interference 
with karyokinesis prior to anaphase resulting 
in the inclusion of the duplicated chromo- 
somes within a nuclear membrane in the 
original cell. It could also occur if the nuclear 
membrane failed to disintegrate during pro- 
phase. 

Aneuploidy is an increase or decrease in 
the number of one or more chromosomes, 
but not an entire haploid number. It usually 
refers to an increase or decrease of one chro- 
mosome. One extra chromosome added to 
a homologous pair is called trisomy, a loss 
of one from a homologous pair is monosomy. 
These changes result from nondisjunction of 
chromosomal material during mitosis or 
meiosis. Nondisjunction can occur in so- 
matic or sex chromosomes within somatic 
or germ cells. In mitosis it results from fail- 
ure of a centromere to separate; thus, one 
daughter cell obtains an extra chromosome 
(trisomy) and the other loses one (mono- 
somy). 

Meiotic nondisjunction can occur in 
either maturation division (Fig. 19.2). In the 
first maturation division a homologous pair 
of replicated chromosomes fails to separate 
and both enter one of the secondary germ 
cells. Nondisjunction during the second 
maturation division is similar to that which 
occurs during mitosis in that the centromere 
between 2 chromatids fails to separate. 


ANEUPLOIDY IN SOMATIC CELLS 


Somatic cell aneuploidy most commonly 
occurs in neoplasms and is restricted to the 
neoplastic cells; it is probably a result rather 
than a cause of the neoplasia. In dogs the 
transmissible venereal neoplasm contains 
cells with 59 and 60 chromosomes instead 
of 78. The presence of numerous metacen- 
tric somatic chromosomes in these cells sug- 
gests that several pairs of acrocentric chro- 
mosomes fused to form  metacentrics, 
thereby decreasing the total number. 


ANEUPLOIDY IN GERM CELLS 


The effects of a chromosomal abnormality 
that arises during gametogenesis are usually 
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Table 19.1. 
Karyotypes of domestic animals and man 
Species bars Composition 
Dog 78 76 Acrocentric 2 Metacentric (sex) 
Horse 64 38 Acrocentric 26 Metacentric 
Cattle 60 58 Acrocentric 2 Submetacentric (sex) 
Goat 60 58 Acrocentric 2 Metacentric 
Sheep 54 48 Acrocentric 6 Metacentric 
Man 46 11 Acrocentric 35 Metacentric 
Pig 38 12 Acrocentric 26 Metacentric 
Cat 38 5 Acrocentric 33 Metacentric 
X chromatids 
PRIMARY SPERMATOCYTES Y chromatids 
1st meiotic division 
NONDISJUNCTION 
SECONDARY 
SPERMATOCYTES 
2nd meiotic 
division 

NONDIS- 

Nel SV n JUNCTION 
Fertilization of normal secondary ps containing a = X ell oOo 


2N + 1, XXY 2N + 1, XXY 2N — 1, XO 2N — 1, XO 2N + 1, XXX 2N - 1, XO 2N, XY 2N, XY 


Figure 19.2. Schematic representation of the effects of nondisjunction of the sex chromosomes at 
either the first (left side) or second (right side) meiotic divisions during spermatogenesis. The bottom 
row shows the results of fertilizing a normal ovum with each of the sperm produced. 


observed in many body systems since the Affecting Somatic Chromosomes 
malformation will be passed to all the cells 

of the body and influence organ formation Trisomy 16 is the most common aneu- 
from these cells. Most embryos with aneu- ploidy in humans, but it is always lethal to 
ploidy die in utero, and this is believed to be the embryo. Down’s syndrome (mongoloid 
the most prevalent cause of early embryonic defects) is an example of trisomy in the 21st 
death. pair of chromosomes in humans. Instead of 
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the normal 46 chromosomes, all cells of the 
body contain 47, with the extra one (tri- 
somy) matching those in the 21st pair. This 
is the result of meiotic nondisjunction dur- 
ing oogenesis, and results in malformations 
in many body systems, including the face, 
hands, heart and, often, brain. 

Trisomy 13 or trisomy 18 appear in 1 of 
every 8000 children and cause malforma- 
tions in many body systems. These condi- 
tions can now be diagnosed during gestation 
by performing a karyogram on cells drawn 
from amniotic fluid. 

Aneuploidy of somatic chromosomes is 
rare in domestic animals, probably because 
it is lethal. Trisomy 23 has been linked with 
congenital dwarfness in cattle, and stillborn 
brachygnathic cattle with a 61 XY karyotype 
have been described. There are no known 
viable somatic chromosomal monosomies. 


Affecting Sex Chromosomes 


The aneuploid conditions which appear 
most frequently in domestic animals are 
those involving the sex chromosomes of the 
germ cells. In terms of chromosome distri- 
bution, the results of nondisjunctive meiosis 
on sex chromosomes are the same as for 
somatic chromosomes, as shown in Figure 
19.2. Table 19.2 summarizes the genetic 
composition of domestic mammals derived 
from gametes having trisomy or monosomy 
of the sex chromosomes. 

The XO genotype, which is most preva- 
lent in horses, pigs and cats, results in an 
infertile, usually anestrus female with hy- 
poplastic ovaries. These animals may have 
a small uterus and underdeveloped external 
genitals. In humans, this monosomy is called 
Turner's syndrome, and deafness and low- 
ered mentality may occur. YO is usually 
lethal and no development occurs. Appar- 
ently the genes on at least one female sex 
chromosome must be present to keep the 
organism viable. 

XXY (Figure 19.3) which is referred to as 
Klinefelter’s syndrome in humans, produces 
males with infertility due to hypoplastic or 
aplastic testes. The presence of the Y chro- 
mosome allows the male determining genes 


' to influence development to produce a male 


Table 19.2. 
Reported abnormal karyotypes due to sex 
chromosome nondisjunction 


Species (2N) Karyotype Description 
Ox (60) 61XXY Hypoplastic testes, 
infertile 
61XXX Hypoplastic ovaries, 
infertile 
Horse (64) 63X0 Infertile 
65XXY Hypoplastic ovaries, 
infertile 
65XXX Intersex, infertile 
66XXXY 


Pig (38) 37X0 Infertile, short legs, 


small external gen- 


itals 
39XXY Hypoplastic testes, 
infertile 
Goat (60) 61XXY Hypoplastic testes, 
infertile 
62XXXY 
Dog (78) 7T9XXY Hypoplastic testes, 
infertile 
Cat (38) 37X0 Intersex, infertile 
39XXY 
40XXYY 


individual. The extra female sex chromo- 
some interferes with the male gonad devel- 
opment so that spermatogenesis is incom- 
plete. This is the most commonly reported 
sex chromosome trisomy. 

The tortoiseshell and tricolor (calico) cats 
have provided a unique opportunity to study 
the XXY syndrome. The tortoiseshell cat 
has orange (yellow, cream) and black (grey, 
brown) patches; the calico (Fig. 19.4) has the 
same with varying amounts of white. The 
orange gene is a dominant sex-linked gene 
on the X chromosome. The black gene is 
either a codominant allele of the orange 
gene, or is autosomal and its function is 
masked by the orange gene. This nonallelic 
masking is called epistasis. The white genes 
are autosomal and are expressed inde- 
pendently of these other pigment genes. 

Only one female sex chromosome is active 
in any cell. This X chromosome inactivation 
occurs in all embryonic cells except primor- 
dial germ cells shortly after the blastula or 
gastrula stages. X-inactivation 1s random so 
that in some cells the maternal X chromo- 
some is active while in others it is the pater- 
nal X chromosome that is functioning. The 
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Figure 19.3. Karyogram of a 61XXY bovine cell. In this presentation the chromosomes have been 
arranged according to size for easier identification. Sex chromosomes are at the bottom right corner. 


(Courtesy of RH Johnson, Jr.) 


Figure 19.4. A female tricolored (calico) cat. 
(From Cat Fanciers Association, Inc. Annual Year- 
book, 1983.) 


reason for this inactivation is believed to be 
that the X chromosome is evolutionarily a 
double chromosome, and that if both X's 
were active it would be analogous to tetra- 
somy of a somatic chromosome. 

In the epidermal pigment cells of the cat, 
if the active X chromosome carries the or- 


ange gene, the hair will be orange color. An 
X chromosome expressing the black allele 
will cause deposition of black pigment gran- 
ules in the hair. Thus, under normal condi- 
tions only a female tortoiseshell cat can exist, 
since two separate X chromosomes are re- 
quired for orange and black pigmented spots 
to form. 

However, about 1 in 3000 tortoiseshell 
cats are males. Cytogenetic analyses have 
revealed several different karyotypes in male 
tricolor cats, as summarized in Table 19.3. 
In all instances there are two female sex 
chromosomes in the animal and one male 
sex chromosome in at least some of the cells. 
Most of these toms are sterile, although oc- 
casionally they may be fertile. The reasons 
for the multiple genotypes listed below are 
explained in the section on Chimeric and 
Mosaic Animals. 


HYBRIDS 
A hybrid is an animal whose parents are 
of different species. The best known example 
is the mule, which results from the breeding 
of a female horse (Equus caballus; 2N — 64) 
with a male donkey, (Equus asinus; 2N — 
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Table 19.3. 
Karyograms in calico cats (normal male = 
38XY) 


39XXY 
38XX/38XY 
38XY/38XY 
38XY/39XXY 
38XX/57XXY 
38XY/57XXY 
38XY/39XX Y JAOXXY Y 
38XX/38XY/39XXY 
38XX/38XY /39XXY JAOXXY Y 


62). The mule receives 32 chromosomes 
from the mare and 31 from the jackass. Thus 
the 2N number in the mule is 63. However, 
because donkey and horse chromosomes are 
not identical, a complete set of homologous 
pairs cannot form during prophase of the 
first meiotic maturation division. Meiosis 
stops and no gametes are formed; thus, the 
mule is sterile. However, the female mule is 
endocrinologically normal and is capable of 
carrying to term and delivering a horse fetus 
transferred to its uterus at the blastocyst 
stage. 

Microscopic study of the male gonad of a 
different equine hybrid has confirmed the 
basis for hybrid sterility. The hybrid that 
results from the mating of a male donkey to 
a female Grant's zebra (Equus burchelli 
boehmi; 2N — 44) has a diploid number of 
chromosomes of 53 (31 + 22). In the semi- 
niferous tubules of the testis of this hybrid 
there is no development beyond the primary 
spermatocyte stage of meiosis. The unlike 
complement of chromosomes from the two 
parents has prevented their pairing in pro- 
phase of the first maturation division and 
meiosis has ceased. 


CHIMERIC AND MOSAIC ANIMALS 

Chimeric and mosaic animals are those in 
which more than one genotype is repre- 
sented in the population of cells constituting 
the organism. In a mosaic animal all the 
genotypes arise from a single zygotic geno- 
type as a result of mitotic nondisjunction or 
chromosomal loss. For example, if a normal 
male feline zygote (38XY), were to undergo 
nondisjunction of the sex chromosomes at 


' the first cleavage division, the resulting blas- 


tomeres would be 39XXY and 37YO. The 
latter would degenerate and the individual 
would develop entirely from the 39XXY 
blastomere. However, if the nondisjunction 
were to occur later in development, then 
both normal (38XY) and trisomic (39XXY) 
cells would contribute to the developing mo- 
saic embryo. The expression of the trisomic 
abnormalities depends upon when the non- 
disunction occurs and where the affected 
cells are located. 

A chimeric animal also has more than one 
genotype, but it is derived from two or more 
zygotic genotypes. For example, blood-borne 
cells may enter an embryo from its twin if 
placental vascular anastomoses occur be- 
tween them. This occurs commonly in bo- 
vine twin fetuses, as can be demonstrated by 
the inability of one twin to reject tissue grafts 
from the other. 

Chimeric animals also can be created by 
transplanting tissues from one embryo to 
another, for example the quail-chick chi- 
meras described in Chapters 7, 9, 10 and 11, 
or by the mixing of blastomeres from differ- 
ent embryos (see Chapter 10, myogenesis). 
Recently the latter method has been ex- 
tended to domestic animals. Blastomeres 
from 4- or 8-cell goat (Capra hircus) and 
sheep (Ovis aries) embryos were isolated and 
mixed together, placed inside an empty zona 
pellucida, and implanted into females of 
either species at the correct postestrous stage. 
Some of the offspring obtained can be 
proven to be chimeras by the appearance of 
both caprine hair and ovine fleece (Fig. 
19.5), as well as by biochemical and serolog- 
ical analyses. 

These chimeric animals are especially use- 
ful in analyses of placental function and 
maternal-fetal interactions. For example, the 
sheep placenta normally produces progester- 
one during gestation; that of the goat does 
not. Also, in preliminary studies the survival 
of these chimeras is best when the chorionic 
epithelium (trophoblast) is formed by cells 
of the same species as the foster mother, 
suggesting that there is a maternal reaction 
against tissues of a different species. 

The most common naturally occurring 
bases for chimerism are believed to be the 
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fusion of zygotes with fertilized polar bodies 
or fusion of two young (cleavage stage) em- 
bryos. The following are possible explana- 


Example A: 38XX/57XXY 
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tions for some of the feline genotypes listed 
in Table 19.3: 


1. Normal sperm (19X) + egg (19X) — 38XX zygote 
2. Normal sperm (19Y) + Ist polar body (38XX) — 57XXY zygote 


These two embryos fuse during early development. 


Example B: 38XX/57XXY 


1. Two sperm (19X, 19Y) + egg (19X) — 57XXY 
2. Normal sperm (19X) + 2nd polar body or egg (19X) — 38XX 


This is an example of polyspermy, the incorporation of more than one sperm into the female gamete 


or polar body. 


Example C: 38XX/38XY/39XXY 
1. Normal sperm (19X) + egg (19X)  38XX 


2. Normal sperm (19Y) + 2nd polar body or egg (19X) 2 38XY 
3a. Normal sperm (19Y) + aneuploid egg (20XX) — 39XXY 
OR 


3b. 38XY blastomere — 39XXY + 37YO (nonviable) by mitotic nondisjunction 
If the last of these occurs, the animal is both a chimera and a mosaic. 


SEX DETERMINATION: GERM CELLS 


Primordial germ cells are present in the 
gonadal ridge prior to overt testicular or 


Figure 19.5. A sheep-goat chimera produced 
by mixing together blastomeres from each spe- 


‘cies at the 8-cell stage then implanting the chi- 


meric embryo into a goat foster mother. (From 
Fehilly CB, et al: Nature 307:633-635, 1984.) 


ovarian development. However, they do not 
exert any known influence on these early 
stages of gonadogenesis. In animals whose 
primordial germ cells have been either sur- 
gically removed or killed using chemicals or 
irradiation, the gonads develop appropriate 
male or female characteristics. Males de- 
velop normally but are sterile; the female 
gonads are abnormal because estrogen-se- 
creting follicular cells do not develop in the 
absence of oocytes. 

In contrast, the phenotypic organization 
of the gonad dictates whether germ cells will 
become spermatogonia or oogonia. XY 
germ cells will form either male or female 
gametes depending upon their gonadal en- 
vironment. However, for reasons that are 
not known, all XX germ cells degenerate in 
a testis soon after birth. This is seen, for 
example, in 6.5-8.4% of all genetically fe- 
male polled goats. The polled gene (P) is an 
autosomal dominant for hornlessness. PP- 
XX goats have testes, but all their germ cells 
degenerate after forming primary spermato- 
cytes. A similar condition has been reported 
in pigs and horses. These animals are phe- 
notypically females, but may show a variable 
degree of masculinization (enlarged clitoris, 
increased anogenital distance). * 


SEX DETERMINATION: GONADS 


The first tissues to express unique male or 
female characteristics are those derived from 
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the gonadal ridge in the mesonephros. This 
expression is not dependent upon an exog- 
enous agent, but is due to tissue interactions 
between ridge tissues. 

Testicular development is dependent 
upon the presence of a cell surface compo- 
nent found on intermediate mesodermal 
cells that have a Y chromosome. This cell 
surface protein is called the H-Y factor. Its 
name comes from experiments in which 
highly inbred male mice accepted female 
skin grafts but females rejected grafts of male 
skin. Graft rejection is due to antibody pro- 
duction in the female against a cell surface 
antigen on the male cells. This male histo- 
compatibility antigen is normally deter- 
mined or regulated by a gene on the Y 
chromosome; hence the name, H-Y factor 
(antigen). There is evidence that normal pro- 
duction of the H-Y factor requires activity 
of a gene on the X chromosome, also. 

Several lines of investigation have shown 
that H-Y factor is present on and released 
by male gonadal somatic cells and is nor- 
mally absent in those of the female. Male 
gonads grown in vitro in the presence of 
antibodies to H-Y, which effectively remove 
or block all H-Y antigen, develop as ovaries. 
Also, in chimeric gonads containing both 
XX and XY cells, H-Y produced by the 
latter cause the XX cells to form testicular 
ducts and other male-specific cell types. Fi- 
nally, exposing a female indifferent-stage go- 
nad to H-Y factor causes it to form a testis. 

These experiments indicate that a Y-chro- 
mosome-dependent factor, H-Y, is an oblig- 
atory, primary component in transforming 
the indifferent gonad into a testis. This factor 
is bound to the cell surface, but can also act 
as a local, diffusible hormone upon nearby 
cells. The cells that release H-Y are the same 
as will form sustentacular (Sertoli) cells. In 
the absence of H-Y the gonad will form an 
ovary, regardless of the genotype of the cells. 

The importance of the H-Y factor in gon- 
adogenesis is well illustrated by animals that 
are genotypically XX but whose gonads de- 
velop as testes. For example, the polled XX 
goat is H-Y positive. In Cocker Spaniels, 
which have a high incidence of genital 
anomalies, a 78X X male has been described. 


This animal was H-Y-positive, cryptorchid, 
and had a hypoplastic penis and small 
uterus. The mother of this dog was a 78XX 
female with one hypoplastic testis and an 
enlarged clitoris. She, too, was H-Y-positive. 
In these examples the H-Y-producing genes 
are either X-linked or autosomal. This raises 
the possibility that the Y chromosome nor- 
mally serves to regulate X-Y factor-produc- 
ing genes. 


SEX DETERMINATION: REPRODUCTIVE 
TRACTS AND EXTERNAL GENITALS 


There are two testicular products that reg- 
ulate the patterns of differentiation of the 
mesonephric and paramesonephric ducts. 
Testosterone, secreted by interstitial (Ley- 
dig) cells, stimulates the mesonephric ducts 
to grow and differentiate into the male duct 
system, while a separate factor inhibits de- 
velopment of the paramesonephric duct and 
causes its degeneration. 

'The experiments that led to this two-factor 
hypothesis are summarized in Figure 19.6. 
Implanting a testis adjacent to the ovary in 
an immature female rabbit leads to retention 
of the mesonephric duct and degeneration 
of the paramesonephric duct near the 
implant. If an implant containing only tes- 
tosterone is used, no regression of the para- 
mesonephric duct occurs. Castration of a 
genetically male fetus similarly prevents de- 
generation of the female duct system. The 
testicular secretion responsible for degener- 
ation of the paramesonephric ducts is a gly- 
coprotein secreted by sustentacular (Sertoli) 
cells. It is called paramesonephric duct in- 
hibiting factor (anti-müllerian factor). 

Development of the urogenital sinus and 
external genitals is a testosterone-dependent 
process in the male. Mesenchymal cells in 
these tissues incorporate testosterone and 
convert it to dihydrotestosterone with the 
enzyme 5-a-reductase. Enlargement of the 
prostate gland and genital tubercle also oc- 
curs in response to testosterone, regardless 
of the sex genotype of the tissues. In rodents 
it has been documented that the anogenital 
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Deferent duct 


Uterine 
tube 


Uterus 


A Female B Male 


Testosterone 


Testis implant 


implant 


D Female with 
testosterone implant 


C Female with 
testis implant 


Figure 19.6. Hormonal control of reproductive tract development. A and B indicate the normal 
female and male structures. C shows the effects of implanting a piece of testicular tissue adjacent to 
the gonad of an XX fetus at the indifferent stage. In contrast, in D, only a pellet of testosterone was 
implanted. In this last situation the paramesonephric ducts continued to develop, indicating that 
testosterone is not the agent that normally causes their degeneration in the male. 


amounts of testosterone across apposed cho- 
rions. 

Testicular development in the ox is evi- 
dent by about 36 days (17 mm) of gestation. 
Inhibition of paramesonephric duct devel- 
opment in the male normally commences 
between 40 and 48 days and the ducts nor- 
mally disappear by 58 days (70 mm). Mas- 
culinization of the external genitals begins 
during the 7th week (36 mm), and stimula- 
tion of the mesonephric duct derivatives 
occurs after 60 days of development. 

Thus, the differentiation of reproductive 
organs occurs in a highly integrated se- 
quence, all based on the presence or absence 
of testicular secretions. Fertilization deter- 
mines the chromosomal sex of the individ- 
ual. Normally, the presence or absence of a 
Y chromosome in gonadal ridge mesenchy- 
mal cells determines the gonadal sex. This 
process is mediated by the H-Y factor, which 
influences cell-cell interactions resulting in 
the formation of seminiferous tubules and 


interstitial cells. Finally, the gonadal sex de- 
termines the pattern of reproductive duct 
and external genital development. 

Testicular interstitial cells produce testos- 
terone, that stimulates the mesonephric duct 
to form the deferent duct and epididymis. 
Sustentacular cells of the seminiferous tu- 
bules produce an inhibiting substance that 
causes paramesonephric ducts to degenerate. 
Circulating testosterone is converted to di- 
hydrotestosterone in the mesodermal cells 
of the indifferent external genitals and in- 
duces elongation of the genital tubercle, hy- 
pertrophy and fusion of the urogenital folds 
and, later, the final stage of descent of the 
testes into the scrotum. 


INTERSEX ANIMALS 
(HERMAPHRODITES) 


The criteria for sex identification include: 


1. Genetic (chromosomal) composition 
2. Gonadal histology 
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3. Morphology of reproductive ducts 
4. Appearance of external genitals. 


An intersex animal! or hermaphrodite is 
an animal in which one or more of these 
criteria are inconsistent with the others. In- 
tersex conditions are classified as being hor- 
monal or chromosomal in origin, a distinc- 
tion based on whether or not the condition 
is due to chromosomal abnormalities in the 
embryonic reproductive tissues. 

By established definition a false or pseu- 
dohermaphrodite has the gonads of one sex 
only and alteration of one or more of the 
other criteria for sex diagnosis. A true her- 
maphrodite has gonadal tissue of both sexes. 
A lateral hermaphrodite has an ovary on 
one side and a testis on the opposite side. A 
unilateral hermaphrodite has an ovotestis on 
one side and either an ovary or testis on the 
opposite side. A bilateral hermaphrodite has 
an ovotestis on both sides. 

Any increase in the level of circulating 
androgens within the pregnant dam can se- 
verely affect the development of the fetus. 
For example if the dam is treated with an- 
drogens during gestation and later delivers a 
genetically female fetus, the neonate may 
have a masculinized duct system and exter- 
nal genitals along with a female duct system 
and ovaries. This is a female pseudoher- 
maphrodite. A similar result will occur if the 
mother has a neoplasm ofthe adrenal cortex, 
which leads to excess synthesis of adreno- 
cortical steroids, including androgens. 

Alternatively, the fetal adrenal gland 
may produce abnormally high concentra- 
tions of androgens. This situation, which can 
be inherited in humans, is called the adre- 
nogenital syndrome. In this disease an en- 
zyme necessary to cortisol production is ab- 
normal. In response to reduced cortisol 
levels, additional adrenocorticotrophic hor- 
mone (ACTH) is released by the adenohy- 
pophysis, which elevates the levels of pro- 
duction of other, normally minor adreno- 
cortical products, including androgens. 

The most common example of hormo- 
nally-altered sex differentation is the free- 


martin,* which is a sterile intersex female 
born twin to a normal male. Its gonadal 
tissues are XX but they display varying de- 
grees of testicular organization. This situa- 
tion occurs most commonly in cattle, and 
affects greater than 90% of the dizygotic 
twins of mixed sex (twinning occurs in 0.2- 
3.0% of bovine pregnancies, depending 
upon the breed). 

Early in this century it was discovered that 
the extraembryonic chorioallantoic blood 
vessels of bovine twins become anastomosed 
(Fig. 19.7) at least a week before the initial 
appearance of unique male or female struc- 
tures. Ín addition to serum components, 
including fetal hormones, cells in the blood 
can cross from one fetus to the other. White 
blood cells drawn from bovine twins of un- 
like sex routinely include both 60XX and 
60XY leukocytes from each animal, al- 
though the ratios vary considerably. A few 
circulating primary germ cells from each 
embryo may become localized in the gonads 
of the other twin, but there is no cytogenetic 
evidence that any of these form viable ga- 
metes. Seminiferous tubules develop in these 
genetically female testes, but spermatogene- 
sis does not occur, presumably because XX 
germ cells cannot form spermatocytes. 

This gonadal sex reversal is due to the 
passage of a testicular-promoting substance 
from the developing male twin. H-Y antigen 
has been found in the gonads of the free- 
martin and is assumed to be the critical 
circulating inductor substance, although 
some researchers question whether the small 
amounts of circulating H-Y factor are suffi- 
cient to cause so profound a change in the 
gonad of the female twin. This change in 
gonadal development in the female twin oc- 
curs between 49 and 52 days of gestation, 
which is several days after testicular forma- 
tion begins in the male twin. 

Usually, the external genitals of the free- 


* The term freemartin is derived from Scottish and 
Gaelic words meaning farrow mart (sterile cow). In the 
17th century these animals were sacrificed on St. Mar- 
tinmas Day. 
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Figure 19.7. This illustration from FR Lillie’s 1917 publication shows the fusion of chorioallantoic 
blood vessels (7) between adjacent twin bovine embryos, as proven by injecting dye into the vessels 
of one twin. 2, a cotyledon; 3, openings cut in the chorioallantois; and 4, the masculinized female 


fetus (freemartin). 


martin calf are predominately female with a 


vulva, enlarged clitoris and increased ano- 


genital distance. The slight male character- 
istics are due to circulating androgens from 
either the bull twin or the testis-like gonad 
of the freemartin. 

The internal duct system is variable with 
respect to degrees of inhibition of the para- 
mesonephric duct and development of the 
mesonephric duct (Fig. 19.8). The male duct 
system is most evident in the region nearest 
to the gonad. This is due to androgen pro- 
duction from the interstitial cells of the sex- 
reversed freemartin gonad. 

The freemartin condition is less common 
in other domestic animals because of the 
infrequency of anastomosis of chorioallan- 
toic blood vessels, although it has been re- 
ported in sheep, goats and pigs. Chimerism 
due to vascular anastomosis occurs rou- 
tinely in marmosets and occasionally in hu- 
mans. However, neither of these species has 
shown any abnormalities of reproductive tis- 
sues. 


Male pseudohermaphroditism occurs also 
in Miniature Schnauzers. These dogs are 
characterized by undescended testes and a 
female duct system that persists along with 
the male duct system. The external genitals 
are male, and karyotyping reveals that all 
cells are 78XY (one dog was 79XXY). 

It is assumed that this results from either 
a failure of fetal testicular sustentacular cells 
to produce paramesonephric duct-inhibiting 
substance or an inability of the parameso- 
nephric ducts to respond to this secretion. A 
genetic basis for this disorder is suspected. 
These animals are presented clinically be- 
cause of cryptorchidism and infertility, and 


_ they may show signs of sustentacular cell 


neoplasia in the cryptorchid testes. Alopecia 
(hair loss) and gynecomastia (enlarged mam- 
mary glands in a male) also occur in these 
dogs. 

Intersex mosaic individuals produced by 
nondisjunctive mitosis involving a sex chro- 
mosome in the early stages of embryonic 
development have been reported. The male 
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Figure 19.8. The reproductive tracts from 5- 
month bovine fetuses. A is a freemartin, B is a 
normal female. In both cases the vagina and 
vestibule have been opened. Note that the se- 
verity of the transformation of the XX freemartin 
is greatest near the gonads, and the urogenital 
sinus is less effected. 


cat with one line of cells containing 39X XY 
chromosomes and a second line containing 
38XY chromosomes is a probable example 
of such a mosaic. Testes form, but some 
degree of infertility usually is present. 

An animal that has both male and female 
gonadal tissue is called a true hermaphro- 
dite. This can result from the fusion of male 
and female zygotes or a zygote and fertilized 
polar body. In these chimeras the presence 
of both XX and XY cells in the gonadal 
ridges may result in a gonad with both fe- 
male and male characteristics, an ovotestis, 
or in a lateral hermaphrodite. The develop- 
ment of the duct system and external geni- 
talia will depend upon secretions by the 
testicular portion of the gonad. 

This chimerism is exemplified by the re- 
sults of cytogenetic analysis performed on 
two phenotypically similar intersex cattle. 
Each appeared externally as a male, with a 
penis and a scrotum lacking testes. Internally 
each had an ovotestis on one side and an 
ovary on the opposite side. A vagina opened 
into the pelvic urethra and communicated 
cranially with a normal. bicornuate uterus. 
On the side with the ovotestis an epididymis 


and ductus deferens replaced the uterine 
tubule and connected to the uterine horn. 

Chromosomal studies of these intersex an- 
imals revealed two cell lines in each. One 
animal had 60XX and 60XY leukocytes, 
with the former predominating; the other 
had mostly 60XX cells plus a few with a 
90XXY karyotype. The latter animal may 
have resulted from dispermic fertilization of 
an oocyte (90XXY) which joined with an- 
other normally fertilized oocyte (60XX). 

It is possible to have heritable intersex 
conditions in which the genetic basis cannot 
be recognized using cytogenetic methods. 
One such anomaly is the testicular femini- 
zation syndrome. All of the cells of the indi- 
vidual contain XY sex chromosomes and 
the testes appear normal. The duct systems 
and external genitalia are nonmasculinized 
and female in appearance. This male pseu- 
dohermaphrodite is thought to result either 
from failure of androgens to be produced by 
the male gonad or failure of the target organs 
to react to the androgens. The neutral con- 
dition, female, therefore predominates. This 
situation is especially prevalent in pigs, 
where it occurs in up to 0.4% of the mem- 
bers in some populations. 
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A 

ABIOTROPHY, 

CEREBELLAR, 114 

COCHLEAR, 137 

SPINAL CORD, 207 
Abomasum, 293, 295, 300 

DISPLACED, 83 
Accessory sex glands, 330 
ACHALASIA, 310 
Acrocentric chromosomes, 344—345, 347 
Acrosome, 25 

reaction, 26 
Adeciduate placenta, 51, 56 
Adenohypophyseal pouch, 781, 273 
Adenohypophysis, 181 
Adrenal gland 

cortex, 320 

fetal cortex, 320 

MALFORMATIONS, 320-321 

medulla, 320 
ADRENOGENITAL SYNDROME, 352 
AGANGLIONIC INTESTINE, 137, 310 
AKABANE VIRUS, 89, 115, 207 
ALCOHOL, as a teratogen, 87 
Allantois, 50, 54, 58, 6/, 63 
ALOPECIA, 84, 353 
Alveolus, 279, 282-284 

defects, 286-287 
AMELIA, 204 
Ameloblast, /77 
Amnion, 49, 54, 62 
Amniotic 

BANDS, 68 

cavity, 48, 49, 54 

plaques, 57, 58 
Anal 

canal, 306 

folds, 332 

membrane, 306 
ANASARCA, 85, 268 
Androgens 

effects on female, 352 

effects on male, 350-351 
ANENCEPHALY, 187 
ANEUPLOIDY, 344-347 
Angiogenic cords, 212, 257 
ANKYLOSIS, 206 

due to irradiation, 84 

due to hemlock, 89 
ANODONTIA, 193 
Anogenital 

distance, 332, 334 

IN MASCULINIZED FEMALES, 350, 353 
raphe, 332 


ANURY, 112 
Aortic arches, 12, 15, 19, 22, 212-213 
comparative branching patterns, 2/7 
transformation, 2, 212-219 
MALFORMATIONS, 4-6, 220-229 
Aortic sac, 212-213, 237 
AORTIC STENOSIS, 249-251 
Aorticopulmonary septum, 218, 243 
Apical ectodermal ridge, 797 
Archenteron, 37 
Area pellucida, 32 
Areolae (of placenta), 55, 59 
Arteries, 
aorta, 15, 22, 214-217, 228 
brachiocephalic, 274-218, 228 
cervical intersegmental, 2/3, 215 
common carotid, 276-217 
cranial mesenteric, 219, 302-305 
external carotid, 2, 214-217 
iliac, 220-221 
internal carotid, 213-217, 274 
pulmonary, 213-216 
subclavian, 2, 214-218, 228 
testicular, 219 
umbilical, 220-221 
vertebral, 273 
vitelline, 219 
ARTHROGRYPOSIS, 88, 114-115, 206-208 
ASPIRIN, teratogenicity, 85, 789 
ATELECTASIS, 286-287 
Atlas-axis, 144, 783 
MALFORMATIONS, 147-149 
ATRESIA 
ANI, 307 
CHOANAL, 193 
ESOPHAGEAL, 286, 306 
INTESTINAL, 292, 306-307 
LEFT ATRIOVENTRICULAR, 251 
MESONEPHRIC DUCT, 340 
PARAMESONEPHRIC DUCT, 340 
RIGHT ATRIOVENTRICULAR, 254 
TRACHEAL, 285 
Atrioventricular canal, 238, 240, 246 
MALFORMATIONS, 254-255 
partitioning, 240 
ATRIOVENTRICULAR STENOSIS 
LEFT, 251 
RIGHT, 254 
Atrioventricular valves, 242, 245 
MALFORMATIONS, 251, 254 
Atrium, 20, 232, 236-241, 260. 
MALFORMATIONS, 250-251 
partitioning, 240-242 
Auditory tube, 273, 275 
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Auricular hillocks, /63 
Autonomic nervous system, 125-132 


B 


Basal plate, 96-97 
Bicornuate uterus, 330 
Bile duct, 296—297, 300 
BIRD-TONGUE DOGS, 194 
Birth, changes at 
cardiovascular, 218-223 
pulmonary, 284 
Bladder, 3/5, 318-319, 328, 330 
EXTROVERSION, 341 
trigone, 319 
Blastocoel, 28, 32, 33 
Blastocyst, 28-29 
Blastomere, 27, 31 
transplant, 73 
Blood island, 2/7 
BLUETONGUE VIRUS, 89, 115 
Bone 
endochondral, 140, 181 
growth, 204-205 
intramembranous, 140, 181 
patterning: jaw, 187-788 
Bones, 
ear, 186 
jaw, 183-186 
limb, 146, 197-199 
rib, /43-144, 146 
skull, 783-186 
vertebrae, 142-743, 146 


BOVINE VIRAL DIARRHEA VIRUS, 89, 113 


BRACHYDACTYLY, 205 
BRACHYGNATHIA, 193 
due to dioxin, 84 
due to mercury, 85 
BRACHYURY, 112 
Brain, 
development, 11, 13-16, 97-105 
MALFORMATIONS, 85-87, 89, 113-115 
BRANCHIAL CYST, 277 
Broad ligament, 339 
Bronchiole, 279, 282 
Bronchus, 279-282 
BRUCELLOSIS, teratogenicity, 85 
Bulbourethral gland, 330, 332, 338 
Bulboventricle, /5, 20, 22, 232, 235-238 
Bulbus cordis, 235-237, 240 
MALFORMATIONS, 252, 254-255 
partitioning, 242-244, 246 


C 


C (calcitonin-secreting) cells, 277 
Calculi (hippomanes), 57, 60 
Calyx 
major, 3/6, 318 
minor, 3/6, 318 
Capacitation, 25 
Cardiac (see Heart) 
jelly. 232, 235 
loop. 235-236 
Cardinal veins, 
caudal, 259, 261—265 
common, 239, 259-260; 288 
cranial, 235, 259-260 


INDEX 


MALFORMATIONS, 265-268 
sub, 261-264 
supra, 260-264 
Cardiogenic plate, 231-233 
Carotid arteries 
common, 2/6-217 
external, 2, 2/4-217 
internal, 213-217, 274 
Cartilage, 140 
induction, 145 
origins, 140-142 
patterning: limb, 200-204 
patterning: vertebrae, 145-746 
patterning: visceral arch, 187—1788 
Cartilages, 
laryngeal, 783, 185, 285 
limb, 146, 197-199 
middle ear, 186 
neurocranium, 181-784 
rib, 143-144 
vertebrae, 140-144 
visceral arch, 181-186 
Caruncle, 52, 59 
CATARACT, 116 
CEBOCEPHALY, 190 
Cecum, 292, 301-303 
comparative, 303 
Cell death, 
in limb, 199 
neuronal, 136 
oogonia, 327 
reproductive ducts, 327, 330 
Cell migration, 
in central nervous system, 97, 98, 101, 103 
germ cell, 322-324 
in heart formation, 235 
neural crest, /22, 132, 157-160 
Cementoblast, 177 
CEPHALOPAGUS, 44 
Cerebellum, 15, 100-774 
ABIOTROPHY, 114 
MALFORMATIONS, 86, 89, 113-114 
viral infection, 89, 113 
Cerebral hemispheres, 15, 700, 105 
Cervical 
flexure, 13 
sinus, 275-277 
STENOTIC MYELOPATHY, 148-/50 
Cervix, 329-331 
CHIMERA, 146, 348-349, 354 
FREEMARTIN, 352-353 
quail-chick, 146, 168-169 
sheep-goat, 348 
CHOANAL STENOSIS, /93 
CHONDROSTERNAL DEPRESSION, 154 
Chorioallantois, 50, 51, 63 
FUSED, in cattle, 352 
Chorioamniotic folds, 48, 49 
Chorion, 49, 6/ 
Choroid plexus, 99, /0/ 
Chromosome, 23-25 
ABNORMAL NUMBER, 344-347 
inactivation of X, 346 
morphology, 344, 347 
NONDISJUNCTION, 344 
Cisterna chyli, 268 
Cleavage, 26-31 


avian, 
holobl; 
mamn 
merob 
CLEFT 
LIP, ]: 
PALA' 
Clitoris, : 
ENLA 
Cloaca, 2 
MALF 
Cloacal 
membi 
folds, : 
Cochlear 
Coelom, 
partitic 
COJOIN 
COLLAI 
Collectin 
COLLIE 
COLOBC 
Colon, 2° 
ascend 
descen: 
MALF 
mesent 
transve 
Commiss 
COMMC 


CONTR, 
Cornea, | 
Coronary 
Cotyledo: 
Cranial 
carding 


101, 103 


-114 


3-150 


JN. 154 


avian, 29-31 
holoblastic, 27-28 
mammalian, 26-29 
meroblastic, 27, 29, 30 
CLEFT 
LIP, 191-792 
PALATE, 84, 86, 191-193 
Clitoris, 328, 332-333 
ENLARGED, 349, 353 
Cloaca, 271, 292, 305-306, 3/3-314, 318 
MALFORMATIONS, 306-308, 320 
Cloacal 
membrane, 271, 305-306 
folds, 323 
Cochlear duct, 136-737 
Coelom, 17, 20 
partitioning of, 287—289 
COJOINED TWINS, 44-45 
COLLAPSED TRACHEA, 285 
Collecting tubule, 316-317 
COLLIE EYE SYNDROME, 115 
COLOBOMA, 115 
Colon, 292, 303-305 
ascending, 299, 303-305 
descending, 299, 303 
MALFORMATIONS, 137, 306-307, 310 
mesenteries, 305 
transverse, 303 
Commissures, cerebral, 105 
COMMON CLOACA, 320 
COMPENSATORY HYPERTROPHY, 
KIDNEY, 319 
CONGENITAL MALFORMATIONS, 4, 81-90 
ADRENAL GLAND, 320 
BRAIN, 113-115, 187-190 
CARDIOVASCULAR, 220-229, 245-255 
CRANIOFACIAL, 82-88, 188-193 
DIAPHRAGM, 290 
EAR, 137-138 
ESOPHAGUS, 280, 292-293 
EXTERNAL GENITALS, 340-341, 352-354 
EXTRAEMBRYONIC MEMBRANES, 68 
EYE, 115-117 
FACE, 188-191 
GONADS, 340, 352-354 
INTESTINES, 137, 306-311 
LIMBS, 205-209 
LYMPHATICS, 268 
PALATE, 86-88, 191-193 
PERIPHERAL NERVES, 137 
PHARYNGEAL POUCHES, 277-278 
PITUITARY GLAND, 194 
REPRODUCTIVE DUCTS, 340, 352-354 
RESPIRATORY SYSTEM, 285-287 
SPINAL CORD, 108-113 
STERNUM, 154 
TEETH, 193-194 
TWINNING, 41-45 
URINARY SYSTEM, 319 
VEINS, 265-268 
VERTEBRAE, 147-154 
CONTRACTED FOAL SYNDROME, 207 
Cornea, 105-106 
Coronary sinus, 238, 260, 263 


Cotyledon, 52, 59 


Cranial 
cardinal vein, 75, 22 


INDEX 359 


flexure, 13, 99 
intestinal portal, /4, 17 
nerves, /71-173 
CRANIOFACIAL MALFORMATIONS, 6, 82-88, 
188-193 
CRANIOPHARYNGIOMA, 194 
Critical period 85-87 
heart, 232 
limbs, 196 
palate, 173 
CROOKED-CALF SYNDROME, 88, 206 
CRYPTORCHIDISM, 340, 350, 353 
CYCLOPIA, 6-7, 189-190 
Cystic duct, 297 
Cytodifferentiation, 73 
Cytogenetics, 343-347 
Cytotrophoblast, 62, 63 


D 


DEAFNESS, congenital, 137-138 
Deciduate placenta, 52, 62. 64 
Deferent duct, 318, 325, 327, 337-338, 354 
Dens, 144 
HYPOPLASIA, 148-/49 
Dental 
bud, /76 
lamina, 175 
Dentin, /77 
Dermatome, 17. 140 
DERMOIDS, 194 
Descent of the testis, 335-339 
ABNORMAL, 340 
DEXTROAORTA, 252-254 
DEXTROCARDIA, 252 
Diaphragm, 288-289 
MALFORMATIONS, 290 
DIAPHRAGMATIC HERNIA, 290 
Diastema, 179 
DIASTEMATOMYELIA, 108, 709 
DICEPHALUS, 45 
Diencephalon, 15, 98, 99, 100, 104 
DIOXIN, as a teratogen, 84 
Diphydont, 177 
Diploid, 23-25, 344 
DIPLOM YELIA, 108 
Diverticulum, 
allantoic, 50 
hepatic, 296-297 
Meckel’s (yolk stalk), 308-309 
urachal, 308 
Duct 
bile, 296-297, 300 
cochlear, 134-137 
cystic, 297 
deferent, 318, 325, 327, 337-338, 351, 354 
efferent, 325-327 
endolymphatic, /37 
lactiferous, 335 
mesonephric, 312-3/5, 325, 327-329, 338, 350-351 
nasolacrimal, 164 
pancreatic, 297-298 
papillary, 316 
paramesonephric, 325, 327, 337-338, 351, 354 
semicircular, 134-737 
thyroglossal, 277 
vitelline, 22, 308-309 / 
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Ductus arteriosus, 2, 215-2/6, 218 
PATENT, 4-6, 220-225 

Ductus deferens, 318, 325, 327, 337-338 

Ductus venosus, 258~259, 264, 300 
PERSISTENT, 268 

Duodenum, 296-299, 313 
mesenteries, 299-300 

DYSAUTONOMIA, 138 

DYSTOCIA, 152, 206-207 


E 


Ear, 
external, 763, 274 
internal, 134-737 
middle, 185, 186, 273-275 
EAR TEETH, /93-194 
Ectoderm, 9, 34 
ECTOPIA CORDIS, 251-252 
ECTOPIC 
KIDNEY, 319 
TEETH, /93-194 
URETER, 319-320 
Ectoplacental cone, 65 
ECTROMELIA, 204 
Efferent ductules, 325-327 
EISENMENGER COMPLEX, 253-254 
ELBOW DYSPLASIA, 209 
Embryonic 
disk, 29 
regulation, 199-200 
Embryo transfer, 31 
Enamel organ, 175 
ENCEPHALOCELE, 187-188 
in Burmese cats, 83, /9/ 
due to medication, /89 
ENCEPHALOPATHY, HEPATIC, 266 
Endocardial cushions 
atrioventricular, 238. 240-241, 246 
bulbar, 242-244, 246 
truncal, 242-245 
Endocardial tube, 232-235 
Endocardium, 2/, 235 
Endoderm, 9, 34 
Endometrial 
cups, 55 
glands, 50, 55, 59 
Endometrium, 51 
Endotheliochorial placenta, 51, 62 
Enteric ganglia, 132 
ABSENCE, 137 
Ependymal cells, 97 
Epiblast, 32, 33 
Epidermis, 75-76 
Epididymis, 325, 327-328, 337-338, 351 
Epigenesis, 81 
Epigenetic theory, 9 
Epiglottal swelling, 284 
EPIGLOTTIC ENTRAPMENT, 285 
EPISPADIUS, 341 
Epistasis, 346 
Epoophoron, 328, 331 
Epitheliochorial placenta, 51, 53, 56, 59 
Esophagus, 280-28 /, 292-293 


MALFORMATIONS, 285-286, 306, 310 


EXENCEPHALY, 188 

External auditory 
canal, 274-275 
meatus, 163, 275 
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External genitals, 332-334 
MALFORMATIONS, 340-341, 352-354 
External germinal layer, 102, 703, 104 
EXTROVERSION OF THE BLADDER, 341 
Eye, 16, 19, 105-107, 174 
MALFORMATIONS, 115-117 
muscles, 107, 168-770 


Face, 163-168 
FACIAL CLEFT, 790 
Falciform ligament, 259, 294 
FELINE PANLEUKOPENIA VIRUS, 89, 113 
Fertilization, 26 
FETAL ALCOHOL SYNDROME, 86-87 
Flexures, in brain, 13, 99, 700 
Follicle (ovarian), 25, 326, 329 
Foramen, 
interventricular, 240, 244—246 
ovale, 240-241 
primum, 240-241, 251 
secundum, 240—241 
Fossa ovalis, 242 
FREEMARTIN, 42, 352-353 
Frenulum, 335 


G 


Gall bladder, 296-297 
Gametes, 23, 25-26 
Ganglia, 
acoustico-vestibular (spiral), 125 
cranial autonomic, 128, 131 
cranial sensory, 125-126 
enteric, 30-132 
parasympathetic, 129-131 
spinal sensory (dorsal root) 122, 129 
sympathetic, 127-129 
trigeminal, /8, 726 
GASTROSCHISIS, 308 
Gastrulation 
avian, 32, 35, 38 
domestic mammals, 37, 39 
rodents, 66 
Genital tubercle, 306, 3/4, 350-351 
Germinal crescent, 322-323 
Giant renal corpuscle, 326 
Glans penis, 333-334 
Glia, 94 
Glomerular capsule, 317 
Glomerulus, 3/4, 317 
Gonad, 
descent (male), 335-339 
female, 326-327, 349-350 
HERMAPHRODITIC, 352-354 
indifferent, 322, 350 
male, 325-326, 349-350 
MALFORMATIONS, 340, 352-354 
Gonadal 
cords, 323-326 
ridge, 322-325, 349-350, 354 
Granule cells, 102 
Gray columns of spinal cord, 97, 98 
Greater omentum, 293-295, 298-300 
Growth cone, 92, 94 
Gubernaculum, 335-339 
Guttural pouch, 274, 276 
EMPHYSEMA, 278 


Haploid, 23 
Head proce: 
Heart failur. 
HEART M; 
ACYANC 
CYANO) 
INCIDEN 
INCIDE) 
INHERIT 
Hematopoic 
HEMIMEL 
Hemochori: 
Hemocytob 
Hemoglobi: 
Hemophagc 
Hensen's (p 
Hepatic 
diverticul 
ENCEPH 
sinusoids 
veins, 25' 
HERMAPI 
HERNIA, 
DIAPHR 
UMBILIt 
HETEROT 
DERMO 
PANCRE 
PITUITA 
SALIVA] 
TEETH, 
THYRO: 
HIP DYSP: 
Hippomant 
Histotrophe 
HOLOPRC 
HORSESH 
H-Y factor, 
HYBRIDS, 
Hydramnio 
HYDRANI 
HYDROCI 
HYDROM 
HYDRONI 
HYDROPS 
Hyoid (2nd 
Skeleton, 
Hypoblast, 
Hypoglossa 
Hypophysi: 
HYPOPLA 
CEREBE 
DENS, | 
GONAD 
OPTIC ^ 
PROSEN 
PULMO 
RENAL, 
SPINAL 
TRACH] 
VERTEE 
HYPOSPA 
Hypothalaı 


Ileum, 292. 
IMMOTIL 


52-354 
4 
DER, 341 


S. 89, 113 
16-87 


H 


Haploid, 23-25, 344 
Head process, 36-38, 41—42 
Heart failure, 249 
HEART MALFORMATIONS 
ACYANOTIC, 248-252 
CYANOTIC, 252-255 
INCIDENCE, ALL SPECIES, 247 
INCIDENCE, DOGS, 249 
INHERITANCE, 247 
Hematopoiesis, 211-212 
HEMIMELIA, 204-205 
Hemochorial placenta, 51, 64, 67 
Hemocytoblasts, 211-212 
Hemoglobin, 212 
Hemophagous zone, 62 
Hensen's (primitive) node, 34, 36-37 
Hepatic 
diverticulum, 296-297 
ENCEPHALOPATHY, 266 
sinusoids, 257-258 
veins, 257—258 
HERMAPHRODITE, 352-354 
HERNIA, 
DIAPHRAGMATIC, 290 
UMBILICAL, 308 
HETEROTOPIC TISSUES 
DERMOIDS, 294 
PANCREATIC, 311 
PITUITARY, 194 
SALIVARY GLANDS, 193-194 
TEETH, 193 
THYROID, 277-278 
HIP DYSPLASIA, 208—209 
Hippomanes, 57 
Histotrophe, 50 
HOLOPROSENCEPHALY, 188-189 
HORSESHOE KIDNEY, 319 
H-Y factor, 350-352 
HYBRIDS, 347-348 
Hydramnios, 68 
HYDRANENCEPHALY, 114 
HYDROCEPHALUS, 114 
HYDROMYELIA, 108 
HYDRONEPHROSIS, 318-320 
HYDROPS, 68 
Hyoid (2nd visceral) arch, 161 
skeleton, 185 
Hypoblast, 32, 33, 37 
Hypoglossal cord, /70 
Hypophysis, 181 
HYPOPLASIA, 
CEREBELLAR, 113 
DENS, 148 
GONADAL, 340, 346, 350 
OPTIC NERVE, 116 
PROSENCEPHALIC, 115 
PULMONARY, 285 
RENAL, 319 
SPINAL GANGLIA, 138 
TRACHEAL, 285 
VERTEBRAL, 150 
HYPOSPADIUS, 340-341 
Hypothalamus, 98, 104 


I 


Ileum, 292, 301-303 
IMMOTILE CILIA SYNDROME, 287, 308 
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IMPERFORATE ANUS, 307 
Implantation, 53 
Incomplete dominant traits, 82 
INCONTINENCE, 111-113, 319-320 
Incus, 186 
Inductive interactions, 74, 77 
autonomic neurons, 133-134 
chondrogenesis, 145 
kidney, 316-317 
lung branching, 282-283 
odontogenesis, 179 
skin, 75-76 
Infundibulum, 
diencephalic, 787 
uterine tube, 327-328 
Inguinal 
canal, 336 
ring, 337-338 
Inner cell mass, 29, 63 
Interatrial septum, 240-242 
MALFORMATIONS, 250-251 
septum primum, 240-241 
septum secundum, 240-241 
Intermediate mesoderm, 17, 312 
INTERSEX CONDITION, 343, 352 
Interstitial (Leydig) cells, 326, 350-351 
Interventricular septum, 244-246 
MALFORMATIONS, 250-254 
Intervertebral disk, 142 
INTESTINAL 
ATRESIA, 292, 306-307 
STENOSIS, 306-307 
Intestinal loop, 301-303, 313 
cow, 304 
dog, 302 
horse, 304 
MALFORMATIONS, 308-310 
pig, 305 
rotation, 301 
Intestinal portals, 17 
Intestine, 301-306 
closure, 17 
layers, 292 
MALFORMATIONS, 306-311 
neurons, 132 
regions, 27/, 292 
Iris, 107 
IRRADIATION, teratogenic effects, 84 


J 


Jejunum 292, 301-303 
Joints, MALFORMATIONS, 84, 88-89, 174-175, 
206-208 
K 


Karyogram, 343-344, 347 

Karyotyping, 343, 345-346, 348 

Kidney (metanephros), 315-318 
KLINEFELTER'S (XXY) SYNDROME, 346-347 
KYPHOSIS, 147, 146 


L 


Labia, 328, 332 
Labiogingival lamina, 175-777 
Labioscrotal swellings, 332-335 
Labyrinth, 
bony, 136, 783 
membranous, 134, 786 
Lactiferous ducts, 335 
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Laryngeal 
swellings, 284 
ventricles, 285 
Laryngotracheal 
defects. 285 
groove, 274, 279-281 
Larynx, 284-285 
cartilages, /83, 185, 285 
innervation, 1, 2, 219 
MALFORMATIONS, 285 
muscles, 169, 285 
PARALYSIS, 219 
Lateral body folds, 36, 41 
Lateral mesoderm, 12. 146, 197, 211-212, 287 
Lateral nasal process, /63, 164-168 
Lateral palatine process, / 74-176 
Lens, 105-706, 174 
induction, 74-75 
placode, 105-706 
vesicle, 105 
Lesser omentum, 294, 298-301 
Leydig (interstitial) cells, 326, 350-351 
Ligament, 
broad, 339 
median, of bladder, 301, 306 
proper 
of ovary, 339 
of testis, 338-339 
round 
of bladder, 220 
of liver, 259 
of uterus, 339 
tail of epididymis, 337, 339 
Ligamentum 
arteriosus, 2/7, 219 
venosum, 259 
Limb 
bud. 72, 197-198 
MALFORMATIONS, 204-209 
mechanisms, 72, 199-204 
rotation, /98 
Lingual (tongue) swellings, 179 
Linguogingival groove. 179 


Liver, 293-294, 296-297, 313, (see also Hepatic) 


LOCOWEED, as teratogen, 88, 206-207 
LORDOSIS, 147 
Lung, 279-284 

accessory, 285 

bud, 279-28] 

changes at birth, 284 

MALFORMATIONS, 285-287 
LUPINE, as teratogen, 88, 206-207 
Lymphatic system, 268 
LYMPHEDEMA, 268 


Malleus, 186 
Mammary 
bud, 335 
gland, 75, 335 
ridge, 335 
Mandibular arch, 161-763, 165-167 
cartilage, (Meckel's). 174, 176, 183, 185 
Mantle layer of neural tube, 96 
Marginal k 
hematoma, 62 
layer of neural tube, 96 
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Maxillary process, 161, 763-167 
Meconium, 301 
Medial 
nasal process, 763, 164-168 
palatine process, 172-175 
Median ligament of bladder. 301. 306 
Mediastinum 
caudal, 288-289 
cranial, 287-288 
Medications, teratogenic, 86-88 
Medulla oblongata, 98, 101 
MEGACOLON, 137, 307, 310 
MEGAESOPHAGUS, 225-227, 310-311 
Meiosis, 23-25, 344-346 
NONDISJUNCTION, 344-346, 348, 353-354 
Melanocytes, 120 
Membrane, 
cloacal. 271, 305-306 
oronasal, 164-165 
oropharyngeal (oral plate), 42, 164-165, 233, 270 
Membranous labyrinth, /6, 134 
MENINGOCELE, 109, 711 
MENINGOMYELOCELE, 109, //2 
MERCURY, as a teratogen, 85 
MERLE PIGMENTATION 
related defects, 138 
MEROMELIA, 205 
Mesamnion, 49, 55 
Mesencephalon, 11, 15, 104 
Mesenchyme, 10 
Mesenteries 
cardiac, 235 
intestinal, 294—295, 298-301 
mesorchium, 325, 338-339 
mesovarium, 339 
proper ligament, 338-339 
Mesocardium, 235-238 
Mesoderm, 9, 34, 39 
Mesodiverticular bands, 308-309 
Mesonephric duct, 312-3/5, 325, 327-329, 338, 350 
MALFORMATIONS, 319-320, 340, 353 
Mesonephric tubules, 312-374 
Mesonephros. 294, 312-315 
Mesorchium, 325, 338-339 
Mesovarium, 339 
Metacentric chromosomes, 344-345 
Metanephric 
diverticulum, 315, 3/7 
mesenchyme, 315-317 
tubules, 316-317 
Metanephros, 315-318 
MALFORMATIONS, 319-320 
Metencephalon, 15, 101 
MICROMELIA, 205 
Middle ear 
cavity, 273-275 
ossicles, 785-186, 274 
Mitogen, 343 
MONOSOMY. 344-347 
Morphogenesis. 70, 7/ 
Morphogenetic field, 199-200 
MOSAIC ANIMALS. 348 
Morula, 27-28 
Mule, genetics, 347-348 
Muscle, 
cardiac, 232 
denervation atrophy, 147. 206-207 
smooth, 140 


voluntan 
Muscles 
axial, 14¢ 
body wal 
branchio 
ciliary, 1t 
cremaste 
esophage 
extrinsic 
genioglos 
gut wall, 
heart, 23 
iris, 107 
jaw, 168- 
laryngeal 
limb, 14t 
mylohyo 
tongue, / 
Myelencep: 
Myelinatio 
MYELOD' 
MYELOSC 
Myoblast, 
Myocardiu 
Myogenesi: 
Myotome, 


Nasal pit, , 
Nasolacrin 
duct, 16: 
groove (1 
NEONAT, 
286. 
Nephron, : 
Nerve grov 
Nerve-mus 
denervat 
Nerves, 92. 
somatic . 
somatic- 
visceral : 
visceral t 
Neural cre: 
migratio 
Neural fok 
Neural pla 
mechani 
Neural tub 
Neurepithe 
Neurocran 
Neurohypc 
Neuron, 9: 
Neurulatio 
Nidation, : 
NONDISJ 
Notochord 
role inn 
role in st 


Occipital s 
Odontobla 
Omasum, 
Omental t 
Omentum 


greater, 


31 


3, 353-354 


165, 233, 270 


-329, 338, 350 
), 353 
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voluntary (striated), 140, 146-147 
Muscles 

axial, 146 

body wall, 146, 337 

branchiomeric, 168-770 

ciliary, 107 

cremaster, 337 

esophageal. 293 

extrinsic ocular, 107, 169 

genioglossal, 169-171, 774, 176 

gut wall, 292 

heart, 232-235 

iris, 107 

jaw, 168-170 

laryngeal, 769-170 

limb, 146, 199 

mylohyoid, 773-174, 176 

tongue, 769-170, 180 
Myelencephalon, 15, /8, 101 
Myelination, /24 
MYELODYSPLASIA, 108 
MYELOSCHISIS, 109, 752 
Myoblast, 146 
Myocardium, 232, 234-235 
Myogenesis, 146 
Myotome, 17, 741, 146 


N 


Nasal pit, /6/, 164—167 

Nasolacrimal 

duct, 164 

groove (furrow), 763—164, 766-167 

NEONATAL MALADJUSTMENT SYNDROME, 

286-287 

Nephron, 317 

Nerve growth factor, 134 

Nerve-muscle interactions, 134 
denervation atrophy, 147, 206-207 

Nerves, 92-94 
somatic afferent, 123-726, 134-136 
somatic efferent, 121-723, 170-173 
visceral afferent, 132, 172 
visceral efferent, 125-135, 171-172 

Neural crest cells, 120-722, 156-161, 320 
migration, 132, 157-160 

Neural fold, 36, 40, 94 

Neural plate, 40, 94, 95, 234 
mechanisms of closure, 77 

Neural tube, 11, 13, 94-96, 121, 157 

Neurepithelium, 94-96 

Neurocranium, 181-/84 

Neurohypophysis, 98, 700, 181 

Neuron, 92-94 

Neurulation, 36, 40-41, 94-96 

Nidation, 53 

NONDISJUNCTION, 344—346, 348, 353-354 

Notochord, 12, 721, 141-142, 183 

role in neural induction, 77-79 

role in sclerotome induction, 145-146 


(0) 


Occipital somites, 140-141, 769, 182 
Odontoblast, /77 
Omasum, 233, 295, 300 
Omental bursa, 298 
Omentum, 
greater, 293-295, 298-300 


lesser, 294, 298-301 
OMPHALOCELE, 308, 3/0 
Oocyte, 23, 25 
Oogenesis, 23-25, 322 
Oogonia, 23, 349 
Opercular fold, 163 
Optic 

cup, 16, 106 

vesicle, 11. 16, 79, 105, 106 
Oral cavity, 175-181 

MALFORMATIONS, 190-194 
Oral plate (oropharyngeal membrane), 42, 164-165, 

233, 270, 272 
Oronasal membrane, 164-165 
Otic 

capsule, 134, /82 

cup, 72, 134 

vesicle (otocyst), 15-16, 18, 134-137, 273, 281 
OTOCEPHALY, 190 
Ovary, 326-327 

HYPOPLASIA, 340, 346 
OVOTESTIS, 352, 354 


Palate, 172-176 
Palatine 
bone, 184-185 
processes, 172-776 
tonsil, 274-275 
PALATOSCHISIS, 191-193 
due to dioxin, 84 
due to medication, 86, 88 
Pancreas, 294-299 
dorsal (left), 294, 296-299 
interactions, 77 
ventral (right), 297-299 
Pancreatic 
diverticulum, 296-298 
ducts, 297-298 
Papillary duct, 3/6 
Parafollicular cells, 277 
Paramesonephric duct, 325, 328-330, 350-351 
inhibiting factor, 350 
MALFORMATIONS, 340, 351, 353 
Paraxial mesoderm, 11, 140, 757, 168-170, (see also 
Somite) 
Parasympathetic neurons, |29-132 
in the head, 171-172 
neurotransmitters, 129, 133-134 
Parathyroid gland, 274—276 
PATENT 
DUCTUS ARTERIOSUS, 4-6, 222-225 
URACHUS, 308 
Penetrance, 82, 205 
Pericardial cavity, 288 
Pericardium, 288 
PERINEOMELIA, 206-207 
Perineum, 306 
PEROSOMUS ELUMBUS, 753 
PERSISTENT 
ATRIOVENTRICULAR CANAL, 255 
DUCTUS ARTERIOSUS, 4-6, 220-225 
DUCTUS VENOSUS, 268 
INTERATRIAL FORAMEN,.250-251 
INTERVENTRICULAR FORAMEN, 250-251 
TRUNCUS ARTERIOSUS, 253-254 
VESTIGIAL REPRODUCTIVE TISSUES, 340 
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P 
ij Pharyngeal pouches, 11, 17, 78, 161, 272-277 Prosencephalon, 11, 98 Semicircul 
" MALFORMATIONS, 277-278 MALFORMATIONS, [15 canals, | 
l Pharynx, 11, 17, 757, 234, 270-273 Prostate gland, 330, 332, 338, 350 ducts, 1 
a PHOCOMELIA, 205 PSEUDOHERMAPHRODITE, 352 Seminal v 
y Pigment FEMALE, 352-353 Seminiferc 
E cells, 120 MALE, 353-354 SEPTAL |] 
il genes (Calico), 346-347 Pulmonary DIAPH 
i patterns, 133 arteries 2, 213-215 INTER, 
3l Pinna, 274 CYST, 286 URORI 
j Pituitary gland, /63, 180-787 HYPERTENSION, 224, 254 VENTE 
Placenta, 50, 5/ HYPOPLASIA, 285 Septum, 
ABNORMALITIES, 68 STENOSIS, 248-250, 252-254 aorticor 
carnivore, 60 trunk, 2, 2/4, 216-217, 243 bulbar, 
horse, 55 veins, 238 interatri 
lab animals, 65 Purkinje neuron, 101, 703, 114 interver 
pig, 53 degeneration, 114 primurmr 
primates, 62 secundt 
ruminants, 57 R Spiral, 2 
Placentome, 59 RACHISCHISIS, 152 transvei 
Placode, 16, 7/, 125-126 RECTOURETHRAL FISTULA, 308 truncal, 
lens, 105-706 RECTOVAGINAL CONSTRICTION, 320 urorect: 
nasal (olfactory), 164 Rectum, 306 Sertoli (su 
neurogenic, 725, 126 Recurrent laryngeal nerve, 1-2, 219 Sex chron 
otic, 16, 134 Renal Sex deterr 
Plants, teratogenic 88, 206-207 AGENESIS, 317 Sinus ven: 
Pleiotropy, 82 corpuscle, 317 Sinus ven: 
Pleural cavity, 287-289 CORTICAL HYPOPLASIA, 319 incorpo 
Pleuropericardial crest, 318 SITUS IN 
coelom, 232. 287 DYSPLASIA, 319 Skin, 75, 
fold, 287 ECTOPIA, 319-320 Skull, 
septum, 287 HYPERPARATHYROIDISM, 319 develor 
Pleuroperitoneal papillae, 318 MALF‘ 
canal, 289 pyramid, 3/6, 318 Somatic 1 
hiatus defects, 290 vesicle, 316 Somatop: 
membrane, 289 RESPIRATORY DISTRESS SYNDROME, 286-287 Somites, 
Polar body. Rete testis, 323-326 occipit 
fertilized, 349, 354 Reticulum, 293, 295, 300 Somitom 
first, 23-24, 26 Retina, 107 Spermati: 
second, 23-24, 26-27 MALFORMATIONS, 116 Spermatc 
Polled goats, 349-350 Rhombencephalon, 11 Spermatc 
POLYCYSTIC KIDNEY, 319 Rhombic lip, /0/-102 ABNO 
POLYDACTYLY. 205-206 Ribs, 144 Spermatc 
Polygenic inheritance, 82 MALFORMATIONS, 154 SPINA B 
POLYPLOIDY, 344 ROARING SYNDROME, 219 Spinal co 
Portal venous system Roof plate MALF 
hepatic, 257-258 Round ligament somite 
MALFORMATIONS, 265-268 bladder, 220 SPINAL 
renal, 265 liver, 259 Spinal ga 
PORTASYSTEMIC SHUNT, 265-268 uterus, 339 DEFE! 
Preformation theory, 9 Rumen, 293, 295, 300 Spiral sey 
Prepuce, 334 DEFE! 
Primitive S Splanchr 
groove, 34, 35 Salivary Splanchr 
node, 34, 57 glands, 774, 179 Spleen, z 
streak, 32, 36 mucocele, 277 Spongiot 
Primordial germ cell. 24-25, 322. 345. 349 SCHISTOSOMUS REFLEXUS, 152 Stapes, | 
avian, 322-323 Schwann cells, /24 STENOS 
mammalian, 323-324 DEFECTS, 82, 137 AORT 
Proctodeum, 305-306 Sclera, 107 CHOA 
Proper ligament, Sclerotome, 17, 140-144 ESOP! 
of ovary. 339 SCOLIOSIS, 147 LEFT 
of testis, 338-339 inherited, 150, 207 MESC 
Pronephric due to mercury, 85 PARA 
duct, 312 due to plants, 88, 206 PULM 
tubules, 312-313 Scrotal swelling, 336 RECT 
Pronephros, 312-373 Scrotum, 328, 337 RIGH 


N, 320 


ROME, 286-287 


Semicircular 
canals, 136 
ducts, 134-137 
Seminal vesicle, 330, 332, 338 
Seminiferous tubules, 326 
SEPTAL DEFECTS 
DIAPHRAGMATIC, 290 
INTERATRIAL, 250-251 
URORECTAL, 307-308 
VENTRICULAR, 250-254 
Septum, 
aorticopulmonary, 218, 243 
bulbar, 243 
interatrial, 240—242 
interventricular, 244-246 
primum, 240-241 
secundum, 240-241 
spiral, 243—244, 252 
transversum, 232-233, 287-289 
truncal, 242-243 
urorectal, 305-306, 313, 315 
Sertoli (sustentacular) cells, 326, 350-351 
Sex chromosomes, 345 
Sex determination, 349-351 
Sinus venarum, 238 
Sinus venosus, 15, 20, 232, 237-239 
incorporation into right atrium, 238-259, 260 
SITUS INVERSUS, 252, 287, 308 
Skin, 75, 76 
Skull, 
development, 181-186 
MALFORMATIONS, 187-192 
Somatic mesoderm, 17, 40 
Somatopleure, 40 
Somites, 11, 27, 141 
Occipital, 140, 769—170, 182 
Somitomeres, 768-169 
Spermatids, 25 
Spermatocyte, 24-25 
Spermatogenesis, 23-25, 345 
ABNORMAL, 346 
Spermatogonia, 23-24, 326, 349 
SPINA BIFIDA, 109, 771-112, 152 
Spinal cord, 94-97 
MALFORMATIONS, 108-113, 207-208 
somite interactions, 109-770, 145-146, 147-153 
SPINAL DYSRAPHISM, 109 
Spinal ganglia, 120 
DEFECTS, 138 
Spiral septum, 243-244, 246 
DEFECTS, 252, 253-255 
Splanchnic mesoderm, 17, 40, 47, 49, 58, 61, 233 
Splanchnopleure, 40 
Spleen, 294, 299-300 
Spongioblast, 94 
Stapes, 186 
STENOSIS, 
AORTIC, 249-250 
CHOANAL, 193 
ESOPHAGEAL, 285-286 
LEFT ATRIOVENTRICULAR, 251 
MESONEPHRIC DUCT, 340 
PARAMESONEPHRIC DUCT, 340 
PULMONARY ARTERY, 248-250, 252-254 
RECTOVAGINAL, 320 
RIGHT ATRIOVENTRICULAR, 254 
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SUBGLOTTIC, 285 
TRACHEAL, 285 
STERILITY 
due to cryptorchidism, 340 
due to nondisjunction, 346 
in hybrids, 348 
in intersex animals, 352-354 
in Polled goats, 349-350 
in XX male dogs, 350 
Sternum, 144-145 
MALFORMATIONS, 154 
Stomach, 293-295, 299-300 
mesenteries, 294-295, 298—301 
rotation, 293-295 
ruminant, 293-295, 300 
simple, 293-294, 299 
Stomodeum, /62, 164, 165-166, 175, 181 
STRABISMUS, 116 
Subcephalic pocket, 41, 42 
SUBGLOTTIC STENOSIS, 285 
Sulcus limitans, 96, 97 
SUPERNUMERARY 
KIDNEY, 319 
TEATS, 335 
Surfactant, 282-283 
Sustentacular (Sertoli) cells, 326, 350-351 
Swellings, 
labioscrotal (genital), 332, 335 
laryngeal, 284 
lingual (tongue), 179 
scrotal, 336 
Sympathetic neurons, 126-129 
in the head, 172 
neurotransmitters, 129, 133-135 
trunk ganglia, 127, 128 
Syncytiotrophoblast, 62 
Syncytium, 31, 62, 146 
SYNDACTYLY, 205 
Syndesmochorial placenta, 51, 60 
SYNDROME 
ADRENOGENITAL, 352 
COLLIE EYE, 115 
CONTRACTED FOAL, 207 
CROOKED CALF, 88, 206 
FETAL ALCOHOL, 86-87 
IMMOTILE CILIA, 287, 308 
KLINEFELTER’S, 346-347 
NEONATAL MALADJUSTMENT, 286, 287 
RESPIRATORY DISTRESS, 286, 287 
ROARING, 219 
TESTICULAR FEMINIZING, 354 
TRIPLE X, 346 
TURNER'S, 346 
SYRINGOMYELIA, 108 
Systolic murmur, 249, 251 


T 


T cells, 274-275 

TAIL DEFECTS, 153-154 
Manx cats, 111, /53 

Taste bud, 180 

TEATS, SUPERNUMERARY, 335 

Teeth, 175-179 
MALFORMATIONS, 793-194 
onset of enamel deposition, 785 
time of eruption, 178 
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Telencephalon, 15, /00, 105 
Teratogen, 84 
alcohol, 87 
aspirin, 85, /89 
bacteria, 85 
irradiation, 84 
medications, 86—88 
mercury, 85 
plants, 88, 206—207 
thalidomide, 85-86, 205 
viruses, 88—89, 113, 115, 207 
vitamin A, 85, 192 
TERATOMA, 340 
TESTICULAR FEMINIZATION SYNDROME, 354 
Testis, 325—326, 350-351 
HYPOPLASTIC, 346, 350 
Testosterone, 339, 350-351 
TETRALOGY OF FALLOT, 252-254 
TETRAPLOIDY, 344 
THALIDOMIDE, teratogenicity, 85-86, 205 
Thoracic ducts, 268 
THORACOPHAGUS, 44 
Thymus, 274-275 
Thyroglossal 
cyst, 277 
duct, 277 
Thyroid 
cartilage, 185 
diverticulum, 242, 273, 277 
Tongue, 774—175, 179-180 
innervation, 180 
MALFORMATIONS, 194 
muscles, 769—170, 180 
Tonsil, 274—275 
TORTICOLLIS, 147 
Trabeculation, 245 
Trachea, 279—280 
COLLAPSED, 285 
TRACHEAL STENOSIS, 285 
Tracheoesophageal 
FISTULA, 285—286 
ridges, 279—280 
septum, 279—280 
TRANSPOSITION OF GREAT VESSELS, 253-254 
Transverse colon, 292, 303 
Tricolor (calico) cats, 346—347 
` Trigeminal ganglion, 78 
TRISOM Y, 344—347 
Trophoblast, 29 
Truncus arteriosus, 75, 22, 232, 242 
MALFORMATIONS, 252, 253-255 
partitioning of, 242—244 
Tunica albuginea, 325—326 
initial time of appearance, 322 
TURNER’S (XO) SYNDROME, 346 
Twinning 
monozygotic, 42, 43 
COJOINED, 44 
Tympanic ring, 764, 186 
Tympanum, 274 


U 


Ultimobranchial body, 275-276 
Umbilical 
arteries, 212, 220-227 
cord, 57-58 
DIVERTICULUM, 308 


FISTULA, 308 
HERNIA, 308 
SINUS, 308 
veins, 258—259, 264 
Urachus, 60, 300, 306, 314, 315, 318 
PATENT, 308 
Ureter, 330 
Ureteric bud, 315, 377 
HYPOPLASIA, 319 
Urethra, 318-319 
pelvic, 319 
spongy, 319 
Urethral 
groove, 332 
plate, 332, 334 
Urogenital 
folds, 332, 351 
membrane, 306, 315 
orifice, 3/5, 318 
sinus, 306, 315, 318-319, 332, 350 
MALFORMATIONS, 319-320 
URORECTAL FISTULA, 307-308 
Urorectal septum, 305-306, 313, 315 
Uterine mucosa (endometrium), 51-53 
changes at birth, 52-53, 60 


changes during pregnancy, 51-53, 62, 64-65 


Uterine tubes, 328-329 

Uterus, 328-329 
comparative, 329, 331 
MALFORMATIONS, 340 


V 
Vagina, 329 
MALFORMATIONS, 320, 340 
Vaginal 
process, 336-338 
ring, 337 


tunic, 336-338 


VASCULAR RING DEFECTS, 225-229 


Veins, 257-268 
azygos, 261-263, 266 
brachiocephalic, 259-263 
caudal vena cava, 257, 261—268 
coronary sinus, 238, 260, 263 
cranial vena cava, 259-260 
gonadal, 261, 263 
hepatic, 257-258 
iliac, 261-263 
jugular, 259-260 
MALFORMATIONS, 265-268 
subclavian, 259—260, 262-264 
umbilical, 258-259, 264 
vitelline, 75, 22, 239, 257-260 
Vena cava 
caudal, 257, 261-265 
cranial, 259-260 
MALFORMATIONS, 265-268 
Ventricle 
in brain, 99 
cardiac, 235-238, 244-246 


VERATRUM, as teratogen, 6-7, 88, 189-190 


Vertebra, 142-/43 
MALFORMATIONS, 147-154 


VESICOURACHAL DIVERTICULUM, 320 


Vestibule, 329 
VIRUSES, as teratogens, 88-89 
Akabane, 115, 207 


bluetongu 
bovine vir 
feline pan 
hog cholei 
Visceral arct 
arteries, 2, 
MALFOR 
muscles, | 
nerves, /7. 
patterning 
Skeletal tis 
veins, 259. 


l Visceral cleft 


Visceral groc 
Vision, 107- 
binocular, 
ABNORM 
VITAMIN A 
Vitelline 
DIVERTK 
membrane 
vessels, 13, 


318 


350 


)8 
315 
1-53 


3, 62, 64-65 


15-229 


3, 189-190 


-UM, 320 


bluetongue, 115 

bovine viral diarrhea, 89, 713 

feline panleukopenia, 113 

hog cholera, 89 
Visceral arches, 17, 159, 161—166, 270-272 

arteries, 2, 212-218, 243 

MALFORMATIONS, 190-193 

muscles, 168-770 

nerves, 170-173 

patterning, 187 

skeletal tissues, 181—186 

veins, 259-269 
Visceral cleft, 17, 161, 273-274 
Visceral grooves, 17, 161, 270, 272, 274 
Vision, 107-108 

binocular, 108 

ABNORMAL, 115-117 
VITAMIN A, teratogenicity, 85, 192 
Vitelline 

DIVERTICULUM, 308-309 

membrane, 29, 48 

vessels, 13, 22 
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arteries, 13, 22, 212, 219 
veins, 15, 22, 239, 257-258, 260 
VOLVULUS, 308-310 


Vulva, 332 
W 
WHITE HEIFER DISEASE, 340 
X 


X chromosome inactivation, 346 
XO genotype, 346 
XXY genotype, 346-347 


Y 


YO genotype, 346 

Yolk sac, 47-48, 56, 60-63 
inverted, 67 

Yolk stalk, 12, 48, 292 


Zona pellucida, 25, 27 
Zygote, 23 


